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SUMMARY

This Topical Report accomplished under NASA Contract NAS 3-4162 contains
thermophysical, magnetic and mechanical property data on magnetic mate -
rials of interest to advanced space electric power systems. It represents a
thorough search of the recent world's literature on this subject and a biblio-
graphic record on this topic.

Only a meager amount of reliable design data was found in the literature in
the 500 - 1600°F temperature range on this subject. Therefore, tests were
run under consistent guidelines to provide these data. Over 500 specimens
were prepared and tested and 7300 test points evaluated at elevated temper -
ature. Over 99 percent of the data presented here were run during this
program.

Thermophysical tests conducted included: specific heat, electrical resist-
ivity, thermal expansion and thermal conductivity. Magnetic tests included:
d-c magnetization, a-c magnetization; core loss; and constant-current, flux-
reset properties for high quality saturable core reactors. These were run
on forgings, castings, and different thicknesses of laminations of each mate-
rial. Some properties were tested in both the stress-relief annealed con-
dition as well as the magnetic-field annealed condition. Mechanical proper-
ties tested included: tensile and compressive strength, elongation and
modulus; Poisson's ratio; creep in vacuum, inert gas and air; fatigue and
fatigue under a steady stress.

Typical applications for magnetic materials are discussed and various mate-
rials are suggested for these applications. The maximum operating temper-
ature is presented along with the mechanical and magnetic properties which
may limit the application.

In general, the magnetic materials can be grouped into three temperature
ranges together with their fields of application.

1. 600-800°F. Most materials qualify for this temperature range.
However, Cubex alloy (3-1/4% Si-Fe, doubly oriented) is pre-
ferred for use in stators at inductions up to 18 kilogauss. H-11
steel (5% Cr, 1% Mo, Fe) and Maraging steel (15-18% Ni, 8-9%
Co, Fe) are recommended for rotors, and Supermendur (2%V,
49% Co, 49% Fe) in controls using high quality, saturable-core
reactors.
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2.

800-1100°F Hiperco 27 alloy (27% Co, Fe) is suggested for
high inductions and Cubex alloy for inductions up to 15 - 18
kilogauss in stators. In rotors, H-11 steel qualifies for
lower temperatures and Nivco alloy (approximately 72% Co,
23% Ni) for the higher temperatures in this range. Super-
mendur and Cubex alloys can be used for controls with
Cubex preferred for the higher temperatures.

1100-1400°F Hiperco 27 alloy is recommended for stators
and Nivco alloy for rotors in this temperature range.
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SECTION I

- INTRODUCTION

This report presents the magnetic, mechanical and thermo-physical properties
on magnetic materials suitable for application to advanced space electric power
systems. It was conducted under NASA Contract NAS 3-4162 for the Lewis
Research Center and is one of three topical reports prepared on Magnetic
Materials (NASA-CR-54091), Electrical Conductor and Insulation Materials
(NASA-CR-54092), and Bore Seal Materials (NASA-CR-54093).

Electric power systems for use in space require better performance and reli-
ability than most terrestrial applications. The success in fabrication and design
analysis of these space power systems is dependent on reliable material proper-
ties. Very little design information was available prior to this study. This be-
came evident during a search which was made of the world's literature in an
attempt to minimize the amount of testing to be conducted.

The scope of the literature search conducted on magnetic materials is outlined
in Appendix B where over 150 significant references are listed ina punched-
card format. Included is a key word or descriptor and a code number which
identifies the property information available in each reference. Reference
numbers prefaced by LM or RM in the text are also listed in Appendix B.

In general, little information was found in the literature which could be used.

In a few cases, desirable data was found; but because test conditions, test
atmospheres, and sample geometry and history were not listed, these data were
not always considered of sufficient reliability to warrant their reporting. There-
fore, almost all data presented represents testing accomplished during the pro-
gram. Reference to NAS3-4162 is given on all data run on this program. Other
sources are also given credit. References prefixed LM or RM are found in
Appendix B.

This Topical Report is divided into three discussion areas. The first is a
Technical Discussion which describes the applications of electrical materials
to advanced space electric power systems. This is followed by a discussion
of the selected materials and the observations made during the test program.



A second area defines the material specifications, specimen configurations and
test procedures followed during the program. The third area presents the data.
This last section does not contain a discussion so that it can be used as a design
manual. It includes a master index for all properties, and each material has a
summary which can be used as a guide in material selection. This summary
was thought important since the data presented in tabular and graphic form for
each material are quite extensive.

Appendix A defines the symbols used in this report and explains certain terms
which might be misunderstood by the reader.



SECTION II

TECHNICAL DISCUSSION

APPLICATION OF MATERIALS TO ELECTRIC POWER SYSTEMS.

1, General Requirements

The desired properties of magnetic materials for high-temperature
space power system components should approach those of the magnetic
materials used in conventional power systems. Because designs at
high-temperature are influenced by the material properties, the
mechanical and magnetic properties must be well documented so

any design study is meaningful.

Laminated and forged materials used in rotating parts must have high-
strength capabilities, particularly in resisting creep, to be suitable for
high temperature operation. Good magnetic properties are desirable
but are secondary to physical properties which are necessary for a long-
life, dimensionally-stable rotor.

Stator laminations are not normally subjected to high mechanical stres-
ses, so the magnetic properties can predominate, such as high magne-
tic flux density with reasonably low magnetizing forces and low losses.

The same magnetic parameters apply to transformers, which are static
devices.

The magnetic amplifier requires a magnetic material which has a square
hysteresis loop. It is wound as tape into a toroidal core. Although
materials for this application are limited, a few are available which
show promise at high temperatures. These materials possess little
physical strength, but the magamp is a static device sothis characteris-
tic is less important.

The solenoid included in this report has only d-c flux in its magnetic
circuit. Therefore, magnetic losses are not important and the primary
requirement is that the magnetic circuit be able to carry a substantial
amount of flux with low magnetizing forces.



2. Specific Applications to Electric Apparatus

The following paragraphs discuss the application of materials to the
design of system components. These designs are typical rather than
specific. They do not represent the only way that each component can
be designed, but rather the most likely design at this state of develop-
ment.

The component drawings presented in this section illustrate the most
likely manner in which the materials under consideration can be used.
Part temperatures are based on (a) coolant temperature, (b) calcu-
lations from previous design and (c) test results from an experimen-
tal model. The purpose of these part temperatures is to indicate the
probable temperature with respect to the coolant and to provide a base
against which material properties can be evaluated. Two coolant tem -
peratures were chosen, 600°F and 1000°F, except for the solenoid and
magamp where temperatures of 300°F and 1000°F were chosen., The
lower temperature being representative of control apparatus where
other components such as semiconductors limit the temperature capa-
bility.

a. = MOTOR

The a-c motor is a dynamic device consisting of a rotor and stator
with their associated windings, bore seal, insulation, bearings
and seals, a cooling system and encapsulation as required.

The rotor must be able to withstand the thermal and mechanical
stresses which will be encountered and must be mechanically
stable so that it will retain its balance under all operating con-
ditions. The rotor must also be capable of carrying magnetic
flux at high temperatures.

The coils of the stator are wound with clad magnet wire to pre-
vent oxidation due to the high temperature and alkali metal con-
tamination of the conductor.

Insulation required for the stator winding takes the form of an
insulation coating for the conductor and rigid or flexible as a
ground insulation. Impregnants may be used to add rigidity and
protection to the coil structure, and potting material may be used
for mechanical strength and to aid in heat transfer.



Rotor conductors are made of clad material, but insulation is not
required, either for the conductors in the slots or for the end
ring, because the electrical potential is low and the lamination
insulation will provide sufficient dielectric strength.

Figure II-1 shows a typical design of a motor suitable for oper-
ation in a high temperature, liquid alkali-metal system. Table
II-1 is a list identifying the major parts and features of the motor.

The rotor laminations and conductors (Items 7 and 15) are pro-
tected from alkali-metal vapors by a hermetically sealed sheet-
metal can (Item 9). The stator laminations and windings are pro-
tected by a ceramic bore seal and associated end pieces (Items 5
and 6), which form a chamber sealed from alkali-metal vapors.
This chamber may either be hermetically sealed or open to the
space vacuum. Heat generated in the motor is removed by using
liquid metal as a coolant. Coolant flow passages (Items 11 and 2)
are provided in the rotor shaft and stator housing. Bearings and
seals are shown in the motor but are not covered in this discussion.

Consideration of stress because of rotation is also necessary in
the selection of a satisfactory material. Since rotational stresses
are considered more critical in the generator application, typical
rotational stress are shown in the discussion of the generator.

Figure II-2 is another sketch of the motor which emphasizes the
areas where magnetic materials are used. The rotor shaft

(Item 10) is a non-magnetic material but it has been cross-hatched
for clarity. Stator laminations are shown as Item 3 and rotor lam-
inations as Item 7. Table II-2 is a list of magnetic materials show-
ing the suitability of each material for use in the rotor or stator
when used either in hermetically sealed chambers or exposed to
space vacuum.
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b. GENERATOR

The a-c generator is a dynamic device consisting of a rotor with-
out windings, stator, a-c windings, d-c excitation coil, insulation,
encapsulation as required, bore seal, bearings and seals, and a
cooling system.

The rotor must be able to withstand the thermal and mechanical
stresses which will be encountered and must be mechanically
stable so that it will retain its balance under all operating condi-
tions. The rotor must also be able to carry flux at high temper-
ature without requiring excessive excitation. Pole face losses
must be kept low, either by using a laminated pole face or by cut-
ting circumferential slots in the pole face.

The coils of the stator are wound with clad magnetic wire to pre-
vent oxidation because of the high-temperature and alkali-metal
contamination of the conductor.

Insulation is required as a coating on the conductor and in sheet
or molded form as a ground insulation. Impregnants may be used
to add rigidity and protection to the coil structure, and potting
material may be used for mechanical strength and to aid in heat
transfer.

Figure II-3 shows a typical design of a radial-gap inductor gen-
erator capable of operation in a high-temperature, liquid alkali-
metal system. Table II-3 is a list identifying the major parts
and features in the generator.

The rotor (Item 10) as shown is made from a solid, forged, mag-
netic material which does not require any special protection against
the corrosive effects of alkali vapors. The stator magnetic mate-
rial consists of laminations (Item 3) having inter-laminar insulation,
and a cast magnetic housing (Item 15) to complete the magnetic cir-
cuit. The stator laminations and conductors are protected from
alkali-metal vapors by a ceramic bore seal and associated end
pieces (Items 5 and 6), which form a hermetically sealed chamber.

Heat generated in the rotor, stator and windings is removed by us-
ing liquid metal as a coolant. Coolant flow passages (Items 2 and
11) are provided in the rotor and stator housing. Bearings and seals
are indicated in the drawing but are not covered in this discussion.
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Figure I1-4 is another sketch of the generator which emphasizes
the areas where magnetic materials are used. The rotor pole
(Item 7) is an integral part of the shaft and is of solid construc-
tion. Stator laminations are shown as Item 3 and the magnetic
housing is shown as Item 15. Table II-4 is a tabulation of mag-
netic materials and material forms indicating the suitability of
each material for use in the generator rotor and stator when
used either in hermetically sealed chambers or exposed to space
vacuum. Creep and fatigue will be the limiting mechanical prop-
erties in choosing a rotor material. Creep increments of 0.2
percent and 0.4 percent were used as base lines in the present
material study. Allowable creep must be traded off against other
mechanical and electrical properties for each specific application.

The following shows typical rotor stresses in terms of rotor di-
ameter and rotational speed. These stresses were calculated
for a solid drum rotor rather than for a specific generator rotor
design. The formulas used were as follows: (1 -

=3-2 2(y2_1+2# 2) 1 (Tangential Stress)
g & (b 3-2k r)m(ang

——— (Radial Stress)

= Poissons ratio

= radians per second rotational speed

= density, slugs per cubic foot

= outer radius, feet

= radius in feet at which stress is being calculated

RO oDE®

when r :O, St:Sr

Table of Typical Stress Levels

Speed - (RPM)_
Rotor Diameter 5,000 10,000 15,000
(inches) (psi) (psi)  (psi)
10 2, 300 9,180 20,600
15 5,190 20,700 46,500
20 9,260 37,000 83,000

(1) Jennings and Rogers, ''Gas Turbine Analysis and Practice”, McGraw-Hill,
1953, page 393
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Additional information on generator rotor stresses can be found

in "Space Electric Power Systems Study, Final Report - Volume
2", Contract NAS5-1234.

12



Alquassy [elauan ‘Iojerausn D-y ‘g-I11 FUNOIL

puabat 103 £€-II o1del @95

- s e e
——mmm—— = fR-&
o
e = e o o o o e =

g
-

AHLIWNAS 4O 3NIT il

NN NN

[~

@—
@_ ‘&\M&\&&xﬁxn;%w:
@

]

SAIMIAN SN II SIS

LK%

— |

/s

(e

13




J0)®}S ‘I0)ONpuUo) - UORRINSUL 22 JI0j0y ‘Jueloo) - adessedq 11
joyoeaq | ¥4 10304 ]
0d ‘To) - uonemsuy 0z | Pa8s[] 18400 SBD 19U J - PIATYS 6
J030Npuo)) - Jupper) 61 0d ‘PIdWA - 110D 8
01 ‘Surpurpy - Ioureloy 81 1030y - ajod L
J03€)S - JI031oNpuUQ) Ll Jrwrera) ‘aspurfd) - reeg muom. 9
3urputy J0¥E}S “J01S - :oﬁﬂ:m.ﬁ 91 TeISN ‘90314 pug - Teeg atog S
neude - swery T OV ‘101e)g - Surpurpy ¥
Teag 7 Surresqg - Jo1aIe) P JV ‘101e)8 - suoneurwe £
eys - 1esg £1 101®)s ‘jueloo) - ofessed R4
10j04 ‘yeys - Burresg (4 joyoRIg I
uondirdsag | °‘oN uondrxosag | *oN
wa) way

Aquiessy Jojerousn D-V Jo sTreled *g-11 ATAV.L

14



ades(] TerI8)B dNPUSE ‘a0jeIsULn D-V ‘H-IT TUNOLL

pusbal XoF €-II o1qel 9s8S

PP S |
£ _

AUYLINWNAS JO INIT

- ——— —— - -

aRsS AV LVA ALV R LR B RARBRAVRRRAR GG

NN

15



J.0001 Jo aimesadwa) Prejood g4 g, Uy sameradway jaed pajediopuy -9
3,009 Jo aameIadwa) Juejo0d YA 4, uy samjeraduia)y jaed payediopuy ‘g
*829883J)8 [BUOR®TI0X YAy 03 pajaafqns sied uy asn Joj aanjeradwa) STy} JB IIqEINSUN B8] [ETIAEN '
Aiopdesnesun ‘¢
rendie 2
Lioyoeispes °|
vcwwoa
£ T £ ¢ 4,056 ¢ 18d 000 ‘06 £ 1 05zt 0cZl | suopeuywe] youy ¢zo 0
£ 1 ¢ ¢ J4.066 ¥e red 000 ‘06 € 1 082t 052l | suopeuywre] youy 100
£ £ 1 1 Jd.066 ¢ 18d 000 ‘06 € 1 0sZt 0521 »u_i..om
WF\W&EE D°Al
©
£ 1 4 £ 4,066 ¥¢ 18d 000 ‘€2 € 1 (1141 0011 | suopeujwe] Youl 05e-
£ 1 [ £ 40056 3¢ 18d 000 ‘€2 £ 1 0011 0011 | suopeuywe] Youy
£ 1 £ 1 d4.066 1% 18d 000 ‘c2 ¢ 1 oott 0011 Bupdrog
Sy 2 ‘19938 T1-H d° Al
£ 5 4 ] 4,064 € 18d 000 ‘091 £ € 0sL 0SL SuopeuFWET YUl G200
4 £ £ 3 4,082 e 18d 000 ‘091 £ £ osL osL suopeujure] Yyoug §ig "0
£ £ £ 1 d.06L ¢ 18d 000 ‘091 ¢ € oSk osL Jurdiog
%51 ‘1adyg Buiderey q°Al
£ £ 1 1 14 £ 1 00€1 00£7 Bupse)
0125 SNV ‘°d-18 %1 a‘Al
£ $ 1 1 4066 1e 19d 006 ‘11 ¥ 1 00¥1 00%1 PN ATy
‘pareauny ‘sdupse)
¢ $ 1 1 4,066 ¢ 1d 006 ‘11 ¥ 1 (1111 00¥%1 PAB wmndEp
‘pareauuy ‘Bujdioy
1 1 £ £ Jd.066 3¢ 18d 00G ‘11 ¢ £ 00¥1 00%T | suopeujwre] youy goo 0
1 1 £ £ 40066 e 18d 005 ‘11 4 £ 00¥1 00%1 | suopeujure] youy 00 *0
fonty Lz 0d3adiH *D'Al
4 1 4 £ ¥ £ 1 oott 0011 | suopeurwe] yaul 9oo ‘0
Inpuawa adng
1 1 (4 £ ¥ ¥ I 0011 0011 | suopeuyure] youj o0 0
1 1 £ £ ¥y ¥ I 0011 0011 | suopeupwe youl $00°0
foqry 0g ooxadiH Al
4 1 £ £ 14 4 1 0011 0011 | suoneuyure youi 1100
£ 1 £ £ {4 £ 1 0011 0011 | suopeuure] youj 900 "0
Aoty xaqn) VAl
(940081 | (¢)d-006 (9)4-08TT J(g)d-05L (84Y 000 ‘01 wﬂmv.e (9) 40561 J(g)d-066 | umnaeA | pareag Ter1aje W«EE&
suopjwuyme’] wIed, sangep ¥ le) anoule; 0 adold
n 4 TeordAy, w W uadg [ SEN TR
Lmammg dpsuen Lnqemg [edrueyda pue dnauBe |4, - samedadwa] uopesa]
103838 1004 [ejaa)e N
njas) wnwep

J0jeIousn D-V ‘ades() (e8I ORBuUSeW ‘H-1I ATLV.L

16



c. EXCITER-REGULATOR AND MAGAMP

The exciter-regulator is a static device which provides regulation
and control for the electrical output of the a-c generator. In the
present state of the art, the rectifier and diodes or the exciter-
regulator are essentially low temperature devices. Because of
their intimate relation to other parts, the exciter-regulator be-
comes a low temperature device which requires a coolant tem-
perature of 120°F or less.

The usual exciter-regulator contains a power transformer to pro-
vide power for the field of the a-c generator. The power trans-
former occupies a substantial portion of the exciter-regulator
package and also contributes significantly to the losses. Further,
available materials permit building a transformer which can oper-
ate with a coolant temperature of 600°F to 1000°F., The power trans-
former has, therefore, been removed from the exciter-regulator
package and is described later.

Figure 11-5 is an assembly drawing showing the components which
make up an exciter-regulator, and Table II-5 lists the components
of the exciter-regulator.

Another component which is intimately associated physically with
the exciter-regulator is the magnetic amplifier (magamp). When
used in conjunction with sensitive components, such as semicon-
ductors, a 300°F coolant may be required. If the magamp is sep-
arated from the sensitive components a higher coolant temperature
is possible.

The magamp is a static device which consists of a magnetic toroid
core, an insulating core box and damping fluid, insulated control
and gate (output) windings, insulation between windings, an encap-
sulant or potting material, and a container which restricts mech-
anical strain on the magnetic material. For high-temperature oper-
ation, cooling must be supplied by the mount which supports the
entire assembly.

The magamp core must be made from a saturable magnetic mate-
rial so an over-riding input signal can cause saturation and control
the output signal. The core may be assembled from tape or from
punched laminations.

17



See Table II-5 for legend

18

FIGURE I1-5. Exciter-Regulator, General Assembly
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Insulation is required on the windings as an insulation coating on
the conductor, betweenadjacent turns, as rigid insulation between
adjacent windings, and as a molded box between the core and wind -
ings. Potting material is used to anchor the magamp in its con-
tainer.

Figure I1-6 is a drawing of a typical magamp design and Table I1-6
lists the various parts and features of the design. The construction
shown is based on the use of magnetic tape for the core (Item 6).
The core is installed in a core box (Item 2) with a suitable damping
media (Item 3), and the control and gate windings are wrapped
around the box. :

Figure 1I1-6 (Cross-Section A-A) is a cross-section drawing show-
ing the magnetic tape laminations (Item 6) and some details of the
windings. Table II-7 is a tabluation of magnetic materials and
material forms showing the suitability of each material for use in
the magamp core. Since it is possible that these devices may oper- -
ate either in a vacuum or a hermetically sealed chamber, the suit-
ability of each material for both conditions are shown in Table II-7 .

20



SECTION A-A

FIGURE II-6. Magamp, General Assembly and Cross-Section

TABLE II-6. Details of Magnetic Amplifier

Item
No.

Description

1
2

Coil - Control

Box - Core

Media - Damping
Insulation - Interwinding
Coil - Gate

Core

Container - Hermetic
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TABLE II-7. Magnetic Material Usage, Magamp

Maximum Useful
Material Core
Location Temperature - °F s
of Material Open Tape ar.ld La_mm'a.tlons
Property to Magnetic Suitability
Summary Material Sealed |Vacuum| 565°F(4) | 1350°F(5)
IV.A. Cubex
0. 002 Inch Tape 1100 1100 1 3
0.006 Inch Tape 1100 1100 1 3
0.006 Inch Laminations 1100 1100 1 3
0.011 Inch Laminations 1100 1100 1 3
0.002 Inch Tape Magnetic ‘
Anneal, Toroid 1100 1100 1 3
0.006 Inch Tape Magnetic
Anneal, Toroid 1100 1100 1 3
IV.B. Supermendur
0.002 Inch Tape, Toroid,
Small 800 800 1 3
0.002 Inch Tape, Toroid,
Large 800 800 1 3
0.006 Inch Laminations 800 800 1 3
Legend
1. Satisfactory
2. Marginal
3. Unsatisfactory
4. Anticipated part temperature in °F with coolant temperature of 300°F.
5. Anticipated part temperature in °F with coolant temperature of 1000°F.
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d. SOLENOID

The solenoid is a semi-static d-c device in that it is always in one
of two possible positions; actuated or not actuated. It consists of
a magnetic plunger, actuator rod, close and trip coils and assoc-
iated magnetic cores, permanent magnet, magnet-latch circuit,
conductor and ground insulation, actuator return spring, suitable
actuator rod stops, and a hermitically sealed container. Actu-
ation and de-actuation is accomplished by very short current ap-
plications and the solenoid is latched closed magnetically. Two
environmental temperatures of 300°F and 1000°F were chosen.
The first is characteristic of applications where the solenoid is
used with sensitive components such as semiconductors. The
1000°F is characteristic of the temperature expected if the sole-
noid was removed from the area of the sensitive components.

No internal cooling provisions are required because the heat gen-
erated is small.

The nature of the solenoid application is such that the magnetic
materials are all solid rather than laminated. The magnetic cir-
cuits carry only d-c flux so magnetic flux losses are relatively
unimportant. It is important that the magnetic circuits be able

to carry a substantial amount of flux with low-magnetizing forces.

The coils of the close and trip windings are wound with magnet
wire which is clad to meet high-temperature applications.

Insulation is required as a coating on the conductor and in sheet or
molded form as a ground insulation.

Figure I1-7 is a drawing of a typical d-c solenoid capable of oper-
ation in a high-temperature, liquid alkali-metal system. Table
II-8 is a list identifying the major parts and features in the solenoid.

The magnetic plunger and actuator rod (Ttems 1 and 2) are pulled
in a downward direction (as drawn) when current is passed through
the close coil (Item 3). A magnetic latch plate (Item 12) serves as
a stop and also completes a magnetic circuit with the permanent
magnet (Item 7), which holds the actuator rod in the downward
position when current through the close coil is stopped. The sole-
noid is de -actuated by energizing the trip coil, which diverts the
permanent magnet flux from the latch plate and allows the spring
to return the actuator rod to its original position.
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FIGURE II-7. Solenoid, General Assembly




TABLE II-8.

Details of Solenoid Assembly

Item Item
No. | Description No. | Description
1 Plunger - Actuator 9 Insulation - Ground
2 | Rod - Actuator 10 Washer - Non-magnetic
3 Coil - Close 11 Container - Sealed,
Hermetic
4 Core - Coil, Close
12 Plate - Latch
5 Coil - Trip (2)
13 Stop - Rod and Plunger
6 Core - Coil, Trip -
‘ ' 14 Core - Trip and Hold
7 Magnet - Permanent (2) | Circuit
8 Spring - Return 15 Conductors
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Figure II-8 is another sketch of the solenoid which emphasizes
the areas where magnetic materials are used. Since d-c mag-
netic properties are the main requirement, only one material
covered by this study (1%, Si-Fe AMS 5210) is satisfactory for
this application. Table II-9 shows the temperature capability for
this material. Although this design shows only a hermetically
sealed application, the possibility of this material being exposed
to a space vacuum is recognized and suitability of the material for
this condition is also shown on Table 11I-9.
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FIGURE II-8. Solenoid, Magnetic Materials
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e. TRANSFORMER

The power transformer is a static device consisting of two or more
coils of wire, a magnetic core, insulation, a cooling system and
means of holding the parts in place.

The coils of the transformer are wound with magnet wire. A clad
coil material is used to meet the system temperature requirements.

The transformer core may be assembled from tape or from punched
laminations. Low losses and exciting volt-amperes per pound are
very important in transformers. Therefore, special consideration
must be given to these properties in the material.

Insulation is required as a coating on the conductor between adjacent
turns, as sheet insulation between layers of coils, and as sheet or

some other form between coils and core. Impregnants may be used
to add rigidity and protection to the coil structure and potting mate-
rial may be used for mechanical strength and to aid in heat transfer.

Figure II-9 is a drawing of a typical three-phase transformer design,
and Table II-10 lists the various parts and features of the design.
The construction shown is based on the use of magnetic tape for the
core (Item 1). Each leg is then encased by primary and secondary
coils (Items 4 and 5) and coolant passages (Items 10 and 11). The
core could be constructed of laminations rather than tape. The
only major change required would be to relocate the core coolant
passages (Item 3) so they draw heat from the edges of the lamina-
tions. In either case, manifolding (Items 8 and 9) will be required
to tie together the coolant-in and coolant-out passages respectively
in proper sequence.

Figure II-10 is a cross-section drawing showing the magnetic core
(tem 1), and some details of the coils and coolant passages. Table
II-11 is a tabulation of magnetic materials and material forms
showing the suitability of each material for use in the transformer
core. This table shows suitability of the materials used in the
transformer either in a hermetically sealed chamber or exposed

to a space vacuum.
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TABLE II-11. Magnetic Material Usage, Transformer

Maximum Useful
Material Core
Location Temperature - °F | Tape and Laminations
of Material Open Magnetic Suitability
Property to
Summary Material Sealed |Vacuum | 750°F(® | 1150°F)
IV.A. Cubex Alloy
0.002 Inch Tape 1100 1100 1 3
0. 006 Inch Tape 1100 1100 1 3
0.006 Inch Laminations 1100 1100 1 3
0.011 Inch Laminations 1100 1100 1 3
0.002 Inch Tape, Magnetic
Field Annealed 1100 1100 1 3
0.006 Inch Tape, Magnetic|
Field Annealed 1100 1100 1 3
IV.B. Hiperco 50 Alloy
0. 004 Inch Laminations 1100 1100 1 3
0. 008 Inch Laminations 1100 1100 1 3
Supermendur
0. 002 Inch Laminations 1100 1100 1 3
0.006 Inch Laminations 1100 1100 1 3
IV.C. Hiperco 27 Alloy
0.004 Inch Tape 1400 1400 1 1
0.008 Inch Laminations 1400 1400 1 1
Legend
1. Satisfactory
2. Marginal
3. Unsatisfactory
4. Anticipated part temperature in °F with coolant temperature of 600°F.
5. Anticipated part temperature in °F with coolant temperature of 1000°F.

33




f. ELECTROMAGNETIC PUMP

The electromagnetic pump described in this report is a static de-
vice consisting of two magnetic core sections, a series of insulated
coils in each section, a cooling system, a duct to carry the liquid
metal, and insulation between the liquid metal duct and the magne-
tic core.

Figure II-11 is a drawing of a typical linear-type electromagnetic
pump design. Table II-12 lists the various parts and features of

the pump. The function normally fulfilled by the rotor in a motor
is handled by the liquid metal as it is pumped through the duct.

The pump is of sandwich type construction with an insulating sheet
(Item 7) between the pumping duct (Item 8) and each stator (Item 4).
Heat generated in the laminations and windings is carried away by
a coolant which flows through passages at the outer-periphery of
each stator. The cooling passage tubes also serve to hold the as-
sembly together.

Figures II-12 and II-13 are cross section drawings showing the
magnetic laminations (Item 4) and some details of the cooling tubes.
Table II-13 shows the suitability of various magnetic materials for
this application.

Additional discussion on various types of electromagnetic pumps
and the power conditioning requirement is contained in NASA
Report No. CR-54139, by J. Verkamp entitled, "Electromagnetic
Alkali-Metal Pump Research Program'. This work was conducted
in 1964 at the General Electric Corporation under Contract NAS 3-
2543.
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See Table II-12 for legend

FIGURE II-11. Electromagnetic Pump, General Assembly

35




TABLE I1-12, Details of Electromagnetic Pump Assembly

Item
No. Description
1 Housing - Hermetically Sealed
2 Thru-bolt - Coolant Tube (Combined)
3 Insulation - Thru-bolt
4 Laminations - Stator
5 End Lamination - Stator
6 Manifold - Fluid, Cooling
7 | Sheet - Insulation
8 Duct - Pumping, Fluid Metal
9 End Conductor - Duct, Pumping
10 Winding - Stator
11 Inlet, Outlet Passage - Duct, Pumping
12 Nut - Thru-bolt
13 Cladding - Conductor
14 Insulation - Slot, Stator Winding
15 Retainer - Stator, Winding, Insulation
16 Conductor
17 Insulation - Conductor
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FIGURE II-13. Electromagnetic Pump, Stator Slot and Magnetic Core Detail
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TABLE II-13. Magnetic Material Usage, Electromagnetic Pump

Maximum Useful
Material
Location Temperature - °F
of Material Open Stator Laminations
Property to @ )
Summary Material Sealed | Vacuum | 900°F' ™/ |1100°F
IV.A. Cubex Alloy -
0.006 Inch Laminations 1100 1100 1 1
0.011 Inch Laminations 1100 1100 1 1
IV.B. Hiperco 50 Alloy
0.004 Inch Laminations 1100 1100 1 1
0.008 Inch Laminations 1100 1100 1 1
Supermendur
0.008 Inch Laminations 1100 1100 1 1
IV.C. Hiperco 27 Alloy
0.004 Inch Laminations 1400 1400 1 1
0.008 Inch Laminations 1400 1400 1 1
Legend
1. Satisfactory
2. Marginal
3. Unsatisfactory
4. Anticipated part temperature °F with coolant temperature of 600°F.
5. Anticipated part temperature °F with coolant temperature of 1000°F,
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DISCUSSION OF MATERIAL PROPERTIES.

1. General Discussion of Magnetic Material Properties

Efficient operation of space power systems requires unusual combina-
tions of properties in magnetic materials including satisfactory be-
havior at temperatures up to 1400°F and above and at frequencies up to
3200 cps. In order to improve our design knowledge on the potential
capabilities of those existing magnetic materials which are suitable in
space power systems, additional information was needed regarding their
behavior at various temperatures and frequencies. The present pro-
gram was designed to fulfill this need.

Depending upon specific requirements of different system components,
the following major groups of magnetic materials were considered in
this study:

a. Materials for the stator core: Ring Laminations of Hiperco 27
alloy (27% Co-Fe) and Hiperco 50 alloy (2%V, 49% Co, 49% Fe)
as well as of Cubex, a doubly-oriented 3-1/4% Si-Fe alloy, are
suitable materials for advanced applications. Major magnetic
requirements include a high-flux carrying capacity and low-core
losses at high temperatures; only serviceable mechanical proper-
ties are required for these low-stressed parts.

b. Materials for the rotor core: Forgings and ring laminations of
H-11 Steel (5% Cr, 1% Mo, Fe), 15 and 18% Ni Maraging steels,
and Nivco alloy (approximately 72% Co, 23% Ni and certain other
elements), represent characteristic rotor materials. A solid or
laminated rotor for a generator or motor is subjected to high
rotational speeds which place high strength as the primary mate-
rial requirement at elevated temperature. A generator rotor
material, for example, is expected to possess a high-creep
strength at operating temperatures, preferably under 0.4 percent
strain in 10, 000 hours at stresses in excess of 40,000 psi. Al-
though magnetic requirements are secondary for the solid rotor
core, an induction exceeding 8 to 10 kilogauss at operating tem-
perature under normal excitation conditions is expected. The
rotor pole pieces are subject to losses which suggest that they
might be either '"'slotted" or built from laminations since their
magnetic performance requirements are more critical than their
mechanical needs.
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c. Materials for controls and electronic applications, including mag-
netic amplifiers: Tape and ring laminations of Supermendur
(domain oriented 2%V, 49% Co, 49% Fe) and Cubex alloy, are suit-
able materials. High saturation, high permeability, combined with
a square hysteresis loop are desirable in these specific applica-
tions.

d.  Pole material for standard control apparatus: AMS 5210 (1% Si-
Fe) casting was considered primarily because of its lower losses
and better casting characteristics and higher resistivity than iron.

The detailed data obtained in this study are presented in Section IV.
The following are some general comments, together with a discussion
of the materials considered in the study with respect to their magnetic
and mechanical stability and capability in different temperature

ranges.

The magnetic properties of the single -phase materials, such as Cubex
and Hiperco 27, followed the patterns expected at high temperatures.

As the temperature increased, the magnetization curves rose more
quickly at lower fields, and then flattened out and saturated at lower
inductions. In addition, coercive force, residual induction and core

loss decreased with increasing temperature. The excitation (volt-
amperes per pound) curves at high inductions followed the opposite trend.
The steep drop in high-field induction begins in Cubex alloy above 1100°F.
At this temperature however, Hiperco 27 alloy still has an induction of

21 kilogauss.

As shown in Figures IV.C.II-11, 28, 37 and IV.A.11-9, 76, 77 respec-
tively, Hiperco 27 and Cubex alloy were not affected by the 1000 hours
stability test at 1000°F. The d-c and a-c magnetic properties of both
alloys, which were measured at room temperature after the stability
test, showed no significant change from those measured before testing.
A decrease in the magnetic properties measured at 1000°F is in line
with an expected short-time reversible change with temperature. The
tensile properties of these two materials followed the general pattern
for solid solution alloys. At an elevated temperature below 1/2 Tm¥
there is a considerable change in slope and the decrease in strength
with increasing temperature becomes more rapid. It is important to

*1/2 Tm refers to half the temperature range, in °K, between absolute zero
and the melting point.
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observe that Hiperco 27 alloy displayed a relatively high-creep strength
at 900°F, surpassing that of Maraging steel at the temperature as shown
in Figure II1-14.

The materials in which a phase change takes place at test temperatures
showed some deviations from the above pattern. These materials differ
from Cubex and Hiperco 27 alloys in which the Curie point and the limi-
tations in solid solution strength determine the limits of their magnetic
and mechanical capabilities at high temperatures. The capabilities of
alloys with phase changes are controlled primarily by the phase changes
and the temperatures at which they occur. These materials include
Hiperco 50 alloy and Supermendur which, at elevated temperatures, un-
dergo an atomic ordering (and probably a phase addition due to the pres-
ence of vanadium), as well as all three high-strength materials: Nivco
alloy, H-11 steel and Maraging steels, in which precipitation of one or
several new phases makes a major contribution to high-temperature
strength. In Maraging steels, the temperature capability of magnetic
and mechanical properties is controlled by the reversion to austenite.

The primary deviations from initial magnetic properties were measured
as an increase in coercive force with a corresponding effect on core loss,
both at the temperature where structural change takes place and at room
temperature, after exposure to a critical high temperature. In mechani-
cal properties, the high-temperature phase change brought about either
a decrease in strength, such as in the high strength alloys, or an in-
crease in strength in the lower strength alloys, such as Hiperco 50 alloy.
This latter effect caused an increase in tensile strength over a certain
temperature region such as in Supermendur. These phase changes were
also reflected in the thermophysical properties which caused a peak in
the specific heat of Hiperco 50 alloy and Supermendur.

As expected, stability testing at 1000°F for 1000 hours resulted in major
changes in the magnetic properties of H-11 steel and 15 percent nickel
Maraging steel (Figures IV, F.II-2 and IV.E.II-2 respectively).

The coercive force of H-11 steel decreased steadily during stability
testing. After test the room temperature value was lower than that
originally measured. However, Maraging steel exhibited a consider -
able increase in coercive force and a decrease in high-field induction

at both 1000°F and room temperature after testing. The continuous de-
crease in the coercive force of H-11 steel is a sign of overaging of the
complex carbide precipitates and continued tempering of Martensite
This overaging and tempering results in an overall relaxation of internal
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stresses. In addition, the overaging also removed many of the obstacles
to domain wall movement. While the above changes are generally bene-
ficial to the magnetic properties, the creep strength decreases accord-

ingly.

The structural change in Maraging steel at 1000°F is based primarily

on partial reversal of the ferrite matrix to austenite. Since austenite is
non-magnetic, it dilutes the magnetic matrix and, as can be seen from
the stability results, the high-field induction value was lowered. Re-
verted austenite apparently creates enough stress, in certain crystallo-
graphic positions with respect to the matrix and in certain particle sizes,
to increase the coercive force considerably. The data obtained in this
study, particularly the magnetization curves for 1100°F, show that a
decrease in nickel content from 18 to 15 percent nickel raises the temper-
ature capability of Maraging steels. The results from the 1000-hour
stability test indicate that the temperature limit of the 15 percent nickel
material lies below 1000°F, probably between 750 and 850°F. :

Nivco alloy (Figure IV.G.I1I-2) was included in the group of materials
tested for magnetic stability at 1000°F. No magnetic aging was observed
for Nivco at 1000°F, primarily because the precipitation hardening reac-
tion of this material takes place considerably above the stability test tem-
perature. However, annealing Nivco at 1100°F and 1400°F (Figure IV.G.II-
1) resulted in a structural change, probably overaging, and brought about

a considerable decrease in the coercive force both at temperature and at
room temperature after exposure. It also increased the room temperature
value of the high-field induction.

No stability tests were conducted on Hiperco 50 alloy and Supermendur.
However, literature review and short time tests in this program indicate
that structural changes take place in these materials at elevated temper-
ature. For instance, Hiperco 50 shows a considerable increase in the
room temperature coercive force after exposure to 1400°F. This may
be associated with the strain or with rearrangements in the atom posi-
tions, both brought about by an atomic ordering reaction which for 50
percent cobalt-iron occurs at temperatures up to 1350°F, Tests on
Supermendur, both in this study and in previous Westinghouse programs,
indicate that the effects of the ordering reaction, together with the as-
sociated changes in magnetic properties, may occur at temperatures as
low a8 700°F. This lowers the temperature capability of these materials
considerably below that of Hiperco 27 and Cubex alloys. (Reference:
RM9, RM29.)
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Graphical information on mechanical properties is displayed in the
Larson-Miller creep curves for each material in Section IV. Creep
data at 0.4 percent creep strain for rotor ~type materials and Hiperco
27 alloy at temperature up to 1100°F as a function of temperature are
shown in Figure II-14,

Nivco alloy required a stress of 70, 000 psi to produce 0. 4 percent
creep strain at 1100°F in 10,000 hours. This surpasses the temper-
ature capability of all other materials tested. The 15 percent nickel
Maraging steel has outstanding creep strength at 700°F, but a tem-
perature increase to 900°F brings about a rapid decrease in its creep
strength., The H-11 steel has very useful creep strength of about

90, 000 psi at 800°F, but loses it rapidly as the temperature increases.

Figure II-15 displays the high-field induction of all the materials tested
as a function of temperature. At 1400°F, both Hiperco alloys reached
an induction of 18 to 18.5 kilogauss and Nivco an induction of about 10
kilogauss. ‘

Core loss data of the high-saturation materials are shown in Figures
I1-16 and 17. At 1100°F and inductions below 18 kilogauss the Cubex
alloy competes successfully with both Hiperco alloys. However, above
1100°F Hiperco 27 appears to be the best choice for stator core mater-
ial. Hiperco 50 should not be considered for high temperatures because
of magnetic stability problems.

In considering the above data, the following grouping of the materials
may be made with respect to three temperature ranges.

1) 600°F - 800°F. Most materials qualify for this temperature range.
However, Cubex alloy is preferred for use in stators at inductions
up to 18 kilogauss. H-11 steel and Maraging steel are recommended
for rotors, and Supermendur for control devices.

2) 800°F - 1100°F. Hiperco 27 alloy is suggested for high inductions and
Cubex alloy for inductions up to 15 - 18 kilogauss in stators. H-11 steel
qualifies for the lower temperatures and Nivco alloy for the higher
temperatures in this range. Supermendur and Cubex alloys can be
used for controls with Cubex preferred for the higher temperatures.

3) 1100°F - 1400°F. Hiperco 27 alloy is recommended for stators and
Nivco alloy for rotors in this temperature range.
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FIGURE II-14. Comparison of Stresses Required to Produce 0.4 Percent Creep
Strain at the Indicated Temperature. Data Extrapolated from
Larson-Miller Presentations. (Reference: NAS 3-4162)

Figure II-14. Creep-Summary Data Sheet
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Figure I1-16. Core Loss, 400 to 3200 C.P.S. Material Summary
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Figure II-17. Core Loss, 400 to 3200 C, P. S. Hiperco Alloy
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2. Nuclear Effects on Magnetic Materials

The combined effects of nuclear radiation and a high-temperature en-
vironment are an important factor in determining the overall capability
of a space power system. Limited information is available on these
combined environments showing that grain-oriented silicon-iron per-
forms satisfactorily under these conditions. Temperature was the pre-
dominant factor influencing performance. These are also indications
that the nuclear radiation effect decreases as the temperature is raised.

Published information on radiation levels of 1017 nvt on metals and
alloys indicates that structural changes are primarily responsible for
changes in structure-sensitive magnetic properties. These include
coercive force and permeability. Structural changes induced by ir-
radiation include the disordering effect on an originally ordered mate-
rial, introduction of imperfections in the lattice, acceleration of pre-
cipitation reactions, etc. Gordon(1) observed that only the softest
magnetic materials, with a coercive force of less than 0.5 oersteds,
were significantly affected by irradiation. This results in an increase
in the coercive force and a decrease in squareness in the hysteresis
loop. Most of the alloys evaluated in this manner came from those
regions of the nickel-iron systems where atomic ordering takes place.
Gordon also observed that radiation-induced changes in magnetic prop-
erties were not affected by time, but that reheat treatment of irradiated
cores restored the original pre-irradiation properties.

As a result of the above observations, it is assumed that both silicon-
iron alloys covered in this study should not be seriously affected by
nuclear radiation. The same should be true of Hiperco 27 alloy,

even though cobalt-containing materials are expected to be subject to
secondary beta and gamma radiation caused by the radioactive decay
of cobalt 60. Hiperco 50 alloy and Supermendur are expected to be
radiation sensitive because of the ordering reaction which takes place
in 50 percent cobalt iron.

High-strength materials may experience an acceleration of over-
aging due to nuclear radiation, but this effect may be conter-
acted by high-temperature exposure. From the meager data
available of the effects on the creep or fatigue behavior of

(I)Gordon, D.E., "Magnetic Cores and Permanent Magnets in Hyper-En-
vironments', Proceedings of the Institute of Environmental Sciences,
page 205, 1960.
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metals, irradiation does not increase the creep rate of most metals to
any extent.

3. Detailed Discussion of Materials

a. CUBEX ALLOY

A summary of Cubex alloy properties is presented in Section IV.A.
Cubex alloy is a high-purity, 3-1/4 percent, silicon-iron which is
processed to achieve what is known as "cube on face" orientation.
The material responds to annealing in a magnetic field which im-
parts further improved magnetic properties to the alloy. Cubex
alloy, however, is commonly used in the stress-relief-annealed
condition in rotating machinery with the field-annealed material
being reserved for high-performance transformers and magnetic
amplifiers. S

1) Specific Heat
At temperatures between 72° and 572°F, the specific heat of
Cubex alloy is nearly constant as shown in Figure IV.A.I-1.

Above 572°F, the specific heat increases exponentially to a
value of 0.222 Btu/1b-°F at 1112°F,

2) Thermal Conductivity

The thermal conductivity of Cubex alloy was measured over

the range of 72°-1320°F and was found nearly constant as

shown in Figure IV, A,I-2,

3) Electrical Resistivity

The electrical resistivity of Cubex alloy was measured over
~ the range of 77° to 1100°F. A plot of resistivity versus tem-

perature is shown in Figure IV.A.I-3.

4) Magnetic Properties

The magnetic properties of different forms of Cubex alloy
were measured at temperatures to 1100°F and at frequencies
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of 60, 400, 800, 1600 and 3200 cps. A list of test-sample
forms and material sizes are repeated here for clarification:

a) Rowland ring

(1) 0.006 inch thick sheet
(2) 0.011 inch thick sheet

b) Tape-wound toroid
(1) 3-1/2 inch I.D. x 4inch O.D.

(@) 0.002 inch thick tape
(b) 0.006 inch thick tape

(2) 1inchI.D. x1-1/4inch O.D.
(@) 0.002 inch thick tape

A sample from each tape-wound configuration was magnetic-
field annealed (MFA) and the balance stress-relief annealed
(SRA). Plots of the magnetic test data for Rowland ring and
toroid tape-wound samples are shown in Figures IV.A . II-1
to IV.A.II-T7.

Coercive force, residual induction and core loss decreased
with increasing test temperature for all samples. Room
temperature inductions of 16 and 17 kilogauss were obtained
on 0. 006 inch thick and 0.011 inch thick stack type Rowland
ring samples of Cubex alloy at a field of 10 oersteds (Fig-
ures IV.A.II-T and 8). Increasing the field to 300 oersteds
raised the induction for the ring samples to 21 kilogauss.

At 1100°F, the induction of both Rowland ring samples had
decreased to 12.8 kilogauss at 10 oersteds and 15.5 kilogauss
at 300 oersteds. The coercive force of both lamination thick-
nesses decreased from room temperature values of 0.1
oersteds (0.011 inch) and 0. 18 oersted (0. 006 inch) to 0.06
oersted at 1100°F, The T2°F d-c magnetic properties were
not changed by exposure to 1100°F in argon for short times

or for times up to 1000 hours at 1000°F in argon (Figure
IV.A.1I-9). The a-c properties were unchanged after 1000
hours stability test (Figures IV.A.II-76 and IV.A . II-T7).
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Cubex core-loss data are summarized in Table IV.A.II-1,
These data are shown for 70°F and 1100°F at all the test
frequencies. Test samples were both stress-relief and
field annealed. Core loss decreases with increasing tem-
perature andincreases withfrequency. Core loss is also
decreased by decreasing the alloy stock thickness. The
decrease, which is attributed to increasing temperature,
amounts to 60 percent of the initial room temperature 400
cps value at 15 kilogauss. The amount of decrease in low
induction core loss is less at the higher frequencies. The
core loss values obtained on ring laminations were some-
what higher than those obtained for the tape wound toroids
because of grain orientation effects discussed earlier. The
72°F losses measured on field annealed 0,002 inch thick
tape-wound toroids were slightly lower than losses meas-
ured on stress-relief annealed toroids. The effect of field
annealing gradually disappeared as the test temperature
nears 1100°F. »

The effect of increasing temperature on exciting volt-am-
peres was opposite the effect of temperature on core loss
at all test frequencies.

Constant-current, flux-reset (CCFR) properties (400 cps
sine wave) were measured at room temperature, 500°F

and 1100°F for tape thicknesses of 0.002 and 0.006 inches
thick, for two different annealing treatments (stress-relief
anneal and magnetic-field anneal), and for two toroid sizes.
The results indicate that: (a) magnetic field annealing
slightly improves the properties of 0. 002 inch thick tape

but the amount of improvement decreases with temperature;
(b) the 0.002 inch thick tape has better CCFR properties
than does the 0.006 inch thick tape. The CCFR properties
of Cubex tapes decrease with temperature in a pattern which
is similar to that observed for other Cubex magnetic proper-
ties. The room temperature CCFR properties, after exposure
to 1100°F, show practically no adverse effect of the heating
cycle on CCFR properties of both tape gages except for a
slight decrease in the loop squareness for a few samples.
Table IV.A.1I-2 is a summary of CCFR properties.
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5) Poisson's Ratio

Poisson's ratio data for 0.011 inch thick Cubex alloy

are presented in Table IV.A.III-1. Considerable scatter
in the data had been expected because of normal, large-
grain size of the alloy.

The summary of data presented in Table IV.A,III-1 shows
that the measured values of Poisson's ratio are influenced
by the location of the strain gages. Strains measured ina
single grain differ from strains measured across the grain
boundaries between adjacent grains.

Published information on the measurement of Poisson's
ratio for some materials notes an effect of applied stress
on the measured value. No such effect was noted in the
Cubex alloy data.

6) Tensile and Compressive Properties

A tabulation of longitudinal and transverse tensile and
compressive properties for Cubex alloy are presented in
Tables IV.A.III-2 and IV.A.III-3 and plotted in Figures
IV.A.III-1t0 IV.A.III-5. These data are typical of soft
high-purity materials except for the unexplainably low
modulus of elasticity at all test temperatures. Both the
tensile and compressive strength properties of Cubex alloy
are isotropic and the tensile ductility anisotropic. However,
at no temperature does the elongation of Cubex alloy fall be-
low 10 percent.

b. SUPERMENDUR AND HIPERCO 50 ALLOYS

Summaries of the properties for these materials are located in
Section IV. B.

1) Specific Heat

Specific heat data for Supermendur rolling stock are plotted

in Figure IV.B.I-1, Supermendur exhibits a constant specific
heat up to about 700°F and then shows a rapid increase. The
inflection point on this curve is indicative of changes occur-
ring within the alloy. In the case of Supermendur, 750°F
corresponds to the order-disorder temperature of the alloy.
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The specific heat of Hiperco 50 alloy was not measured for
this program since it was expected that the specific heat of
both Supermendur and Hiperco 50 alloy would be equivalent.
This assumption may not be valid since the vanadium content
of the Hiperco 50 alloy was double that of Supermendur.

2) Electrical Resistivity

Electrical resistivity data for 0.002 inch thick Supermendur
tape (field-annealed) are given in Table IV. B.I-1, Because
room-temperature measurements had shown that the resis-
tivity of the ribbon might vary as much as three percent from
the end of a wound toroid to the center, complete tests were
made on specimens from both locations. The change in resis-
tivity with temperature was found to be essentially the same
in both.

3) . Magnetic Properties
a) Hiperco 50 Alloy

Hiperco 50 alloy was tested as ring laminations in
two thicknesses, 0.004 inch and 0.008 inch (Figures
IV.B.II-1toIV.B.II-18). Although both samples
were annealed at the same time, the measured d-c
properties were quite different. Room-temperature
properties for the 0.004 inch thick sample were:
coercive force, 0.616 oersteds, residual induction,
10.9 kilogauss, and an induction of 18. 8 kilogauss at
a magnetizing force of 10 oersteds., For the 0. 008
inch thick sample, the properties were: coercive
force, 2.74 oersteds, residual induction, 6.6 kilo-
gauss, and induction of 9.6 kilogauss at 10 oersteds.
It is not known why the annealing cycle did not develop
the correct magnetic properties in the 0.008 inch
thick material.

Up to 1400°F, both the magnetization curves and
coercive forces for 0.004 inch thick ring laminations
are characteristic of the alloy. At 1100°F, the
coercive force decreased to 0.31 oersteds. Also at
1100°F the induction decreased to 18 and 21.5 kilo-
gauss at magnetization intensities of 10 and 300
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oersteds respectively. However, at both 1400°F and
at room temperature after exposure to 1400°F, the
coercive force increased, indicating that some per-
manent structural change had taken place in the mate-
rial during elevated temperature exposure. The in-
duction values at 1400°F were 16 and 18.4 kilogauss
for field intensities of 10 and 250 oersteds respec-
tively.

The core-loss data, as a function of temperature,
follow the same temperature dependent trend as did
the coercive force data. At a frequency of 400 cps,
room -temperature core losses of 11.5 and 8.6 watts/
pound were observed at inductions of 18 and 15 kilo-
gauss respectively. Core loss decreased to 6.5 and
5.3 watts/pound at 1100°F, but subsequently increased
to 17 and 12 watts/pound at 1400°F. This pattern was
reversed at temperatures up to 1100°F for exciting
volt-amperes. These data illustrate the competing
mechanisms of core loss and permeability. At 3200
cps, the core loss at 8 kilogauss was 55 and 37 watts/
pound at 72°F and 1100°F respectively. The corres-
ponding exciting volt-ampere values were 185 and

109 volt-amperes/pound.

.b) Supermendur

The magnetic properties of Supermendur were meas-
sured at temperatures to 800°F and at frequencies to
3200 cps on 0.002 inch thick tape wound toroids and
on 1/2 inch high stacks of 0.006 inch thick ring lam-
inations. Two different size tape-wound toroids were
tested. Properties at elevated temperature were
measured in argon.

At 500°F (Figure IV, B.II-19) the coercive force of the
large 0.002 inch thick tape -wound toroid decreased

from its room-temperature value of 0. 33 to 0.2 oersteds;
the residual induction increased from 18.2 to 20.3 kilo-
gauss which resulted in increased loop squareness. When
the temperature was increased to 800°F, the coercive
force increased and the remanent induction decreased.
The decrease in magnetic properties was evident in

the room-temperature measurements made after
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exposure to 800°F. An increase in coercive force to
0.4 oersteds and a 40 percent decrease in remanent
induction to 7.5 kilogauss was observed after Super-
mendur was heated to 800°F. The core loss and ex-
citing volt-ampere data were affected similarly,
particularly over the frequency range of 800 through
3200 cps. Both core loss and exciting volt-amperes
increased gradually with increasing temperature while
the slope of their curves decreased as the test fre-
quency increased, as shown on Figure IV, B.II-22 to
I1V.B.II-45.

The core loss data were obtained on the large (four
inch) 0.002 inch thick tape-wound toroid. The small
1-1/4 inch toroid was tested at 72°F only. The d-c
properties of the smaller toroid were similar to those
measured on the large toroid. However, the core loss
and exciting volt-amperes of the small toroid were
twice those measured on the 4 inch toroid. The 1/2
inch high stack of 0.006 inch thick ring laminations
did not exhibit the increase in squareness noted in

the data for the tape-wound toroids tested at 500°F,
The coercive force measured on the Rowland ring
sample gradually increased with temperature and

was combined with a simultaneous decrease in
residual induction. Magnetization curves obtained

at temperature show less deviation from the room-
temperature curve than do those for 0.002 inch thick
tape-wound toroids. The core loss and exciting volt-
ampere curves obtained at different temperatures are
close together.

CCFR tests (400 cps) were conducted in air at 72°F,
and in argon at 500° and 1100°F, All specimens were
placed in non-magnetic, stainless steel core boxes
where an argon atmosphere could be maintained.
Fiberfrax insulation was wrapped around the speci-
mens and the core boxes. CCFR test results are
listed in Table IV.B.II-1.

The room-temperature peak induction values (Bpy)

were reached in a field of 5 oersteds (Hpy) and ranged
from 18. 15 to 20. 10 kilogauss for a 1/2 inch stack of
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0.006 inch ring laminations and from 21.7 to 22.8
kilogauss for 0.002 inch thick tape toroids. Induc-
tion values obtained on the small toroids were higher
than those measured on the large toroids. Other
CCFR properties measured on samples of both gages
were similar, except for sample No. 1 of 0.002 inch
thick tape, where the Hg values (a property compar-
able to coercive force) ranged from 0.6 to 0.65 oer-
steds. The loop squareness ratio of all samples was
from 0.825 to 0.925.

Loop squareness improved at 500°F for most specimens
and decreased slightly at 1100°F. The loop width fol-
lowed the general pattern discussed earlier, i.e., the
width decreases with increasing temperature, reach-
ing H, value of 0. 42 to 0.52 oersteds at 1100°F. How-
ever, the room-temperature value of Hg for all CCFR
properties was badly degraded by exposure at 1100°F.
All samples showed a considerable increase in Hy,
raising its value to one oersted. A decrease in Bmy

and squareness was noted in most samples.

Significant changes occurred in the CCFR properties
as the test temperature was increased. These changes
were particularly pronounced at 500°F where both
increases or decreases in By, were observed. This
change is the result of atomic ordering and phase
changes which take place at elevated temperatures

in the iron-cobalt alloy system. However, the in-
consistency in the trend of the changes observed at
500°F appears to be associated with the heat treat-
ment of the samples. Note that a change was observed
in the slope of the 500°F d-c magnetization curve
obtained on the small tape wound toroid and that there
was an improvement in loop squareness. Therefore,
use of Supermendur above 500°F is not recommended
for critical applications where predictable performance
is required.

Tensile Properties

The Supermendur and Hiperco 50 alloy materials have been
compiled together in this report for the purpose of making
a direct comparison of properties. Supermendur and Hiperco

57



C.

50 alloy nominally contain 49 percent each of cobalt and iron
with an addition of 2 percent vanadium for improved work-
ability. Supermendur, however, was analyzed and found to
contain only one percent vanadium. The commercial spec-
ification and technical literature call for a vanadium content
of 1.5 to 2.5 percent. While it was not known what the exact
effect of the low vanadium content would be, no major dif-
ferences were anticipated between the properties of Super-
mendur and Hiperco 50 alloy. It was surprising to note the
unusually high ultimate tensile strength of the annealed 0. 006
inch thick Supermendur sheet obtained at all test temperatures
except room temperature, see data Table IV.B.III-2 and
Figures IV, B.III-5 and IV.B.III-6. The pseudo-binary
phase diagram of iron-cobalt versus vanadium calls for a
two phase field at vanadium contents above about 1.5 per-
cent. If the second phase existed in the samples of two per-
cent vanadium Hiperco 50 alloy, the strain-hardening co-
efficient for that material could easily have been much less _
than that of the single phase Supermendur. Note that the
tensile strength of both materials increases with temperature,
and that the Hiperco 50 alloy must be heated above 1100°F

~before the tensile strength falls below the 72°F strength.

Neither material has much ductility as shown in Figures
IV.B.III-3, IV.B.II1-4, and IV.B.III-6,

HIPERCO 27 ALLOY (VACUUM MELTED FORGED BAR
AND INVESTMENT CAST BAR)

A summary of the properties of these materials is located in
Section IV, C.

1) Specific Heat

Specific heat for both the vacuum melted and investment cast
alloy are plotted in Figure IV.C.I-1. Differences between
the two curves are probably caused by differences in grain
size and impurity content.

2) Electrical Resistivity
A listing of the electrical resistivity versus temperature for
vacuum melted forged Hiperco 27 alloy is presented in Table

IV.C.I-1 and is plotted in Figure IV,C.I-2. These data are
uniform and have negligible hysteresis.
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3) Magnetic Properties

Three basic forms of Hiperco 27 alloy were tested: 1) An
investment cast ring; 2) Vacuum melted forged bar and;

3) Two lamination thicknesses (4 and 8 mil). The magnetic
properties of all three forms of Hiperco 27 alloy changed
with increasing test temperature in 2 manner typical of
single phase alloys.

The d-c properties of Hiperco 27 alloy samples conformed
to the suppliers published product literature with the excep-
tion of relatively high T2°F coercive force values of 5. 12 and
3.40 oersteds for both the forged and cast rings. A larger
grain size may be responsible for the lower coercive force
of the casting as compared with the forging. Both solid
rings approach an induction of 24 kilogauss in a field of 300
oersteds at T2°F (Figures IV.C.II-1and 2).

The T2°F coercive force values for the laminated ring sam-
ples were between 1.4 and 1.7 oersteds (Figures IV. C.II-3
through 11). The corresponding induction value for the sheet
material approached 24 kilogauss in a field of 300 oersteds.
Hiperco 27 alloy loss decreased with increasing temperature
to 1400°F at all test frequencies. The core-loss values for
the two lamination thicknesses were relatively close atafre-
quency of 400 cps but did diverge slowly asthe test frequency
increased. At 400 cps and 18 kilogauss, the 0.008 inch thick
ring laminations had a core loss of 16.2 and 14.3 watts/
pound at 1100°F and 1400°F respectively (Figure IV.C. I1-33).

One problem observed with Hiperco 27 alloy laminations in
1400°F tests was the apparent deterioration of the interlami-
nar insulation which, in turn, caused a considerable increase
in core loss at inductions above 12 kilogauss. Testing of ad-
ditional samples after improvementand re -application of the
interlaminar insulation was necessary. Table IV.C.II-1
gives test program details and results. An analysis of the
data of Table IV.C.II-1 shows that interlaminar insulation
of the original (sample No. 1) Hiperco 27 alloy sample was
inndequate. The high core-loss condition was improved,
particularly at high induction by recoating as observed in
sample No. 2. However, after again improving the insula-
tion application methods, there was still a slight increase

in room temperature coreloss atinductions above 12 kilogauss
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for samples No.'s 3, 4 and 5 after exposure to 1400°F. This
change in core loss is probably the result of changes in grain
size and orientation resulting in a decrease of the coercive
force and a leveling off of the magnetization curve at high
inductions. The d-c¢ properties of the Hiperco 27 alloy sam-
ples listed in Table IV.C.II-1 show no appreciable change
in the room temperature data after exposure to 1400°F. The
coercive force, which is considered a sensitive indicator of
structural changes, showed even lower temperature values
for all samples after exposure to 1400°F. Electrical resis-
tivity measurements conducted after test displayed no ap-
preciable changes in the material after exposure to 1400°F
or after insulation recoating. Photomicrographs showed
only slight oxidation of the sample surface with minor pene-
tration of oxygen along grain boundaries. Only data on 0.008
inch thick laminations for samples three and four are given
since these data are the most characteristic when adequate
interlaminar insulation is present. The magnetic properties
of Hiperco 27 alloy are presented on Figures IV.C.II-1
through IV.C,II-37.

4) Poisson's Ratio

The Poisson's ratio data for vacuum melted forged Hiperco
27 alloy are presented in Table IV.C.III-1. Six average
values were obtained on two separate specimens . Individual
values were obtained for every 250 pounds of specimen load
up to a stress of 48,450 psi. Two longitudinal and two
transverse strain gages were cemented to each side of the
sample. Hiperco 27 alloy is a fine-grained material and
was not expected to cause difficulties in the measurement

of Poisson's ratio. The data for several test runs are
plotted on Figures IV.C.III-1 through IV.C.III-6.

5) Tensile Properties
The tensile properties, including modulus of elasticity for
the Hiperco 27 alloy materials, are shown in data form in

Tables IV.C.III-2 and IV.C.II1I-3 and are plotted in
Figures IV.C.III-7 throughIV.C.III-11,
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Duplicate tension tests were made on both forms of the alloy
at room temperature, 500°F, 700°F, 1000°F and 1400°F.

The room temperature, 500°F and 700°F tests were run in
air; one of the 1000°F tests on vacuum melted material was
run in a flooded-argon atmosphere and the others in air to
determine the effect of oxidation at 1000°F. No significant
differences in tensile properties were observed. The 1400°F
tests were run in 2 chamber flooded with argon.

A low indicated yield strength was noted on one room temper-
ature test on vacuum melted Hiperco 27 alloy. The yield
strength of this sample was a yield point rather than 0.20
percent off-set yield strength. No explanation of the appear-
ance of the yield point can be offered. The short-time ele-
vated temperature tensile data appears to show no effect of
test atmosphere on the properties of Hiperco 27 alloy.

An expected drop in the elevated temperature ductility for
Hiperco 27 alloy (Figures IV.C.III-8 and IV.C. II1I-11)
occurs in the temperature range between 700?‘ and 1400°F.
This drop is observed in nearly all materials 2) and marks
the temperature range at which vacancies are generated
and move to grain boundaries but are not subsequently
annihilated by recrystallization. The mode of fracture
changes from transgranular to intergranular and back to
transgranular over this temperature range.

Only the low room temperature ductility of the cast material
deserves mention since it is a condition common to as cast
and annealed Hiperco 27 alloy. The elevated temperature
ductility of cast Hiperco 27 alloy was at minimum at 1000°F.

The compressive strength properties of the vacuum melted
material are presented in Table IV.C.III-4 and are plotted
in Figures IV.C.III-12and IV.C.III-13. Elevated tem-
perature compressive modulus data for Hiperco 27 alloy
are higher than for the tensile modulus.

(2)Reid, B. J., Greenwood, J. N., "Intergranular Cavitation in Stressed
Copper Nickel Alloys", AIME Transactions, Vol. 212, No. 4, page 503,
August 1958.

61



6) Creep

Creep data for Air, Argon and Vacuum Tested Hiperco 27
alloy Material (Vacuum Melted and Investment Cast Materials)
are presented as Larson-Miller plots in Figures IV.C,I11-14
and IV, C.III-16 for 0.2 and 0.4 creep strain. It is apparent
from these plots that the vacuum melted material (Figure
IV.C.III-14) was not affected by the test atmosphere. The
investment cast material was, however, improved by test-
ing in a vacuum (Figure IV.C.III-16). No effects of the
vacuum tests were noted on the before and after test gas
analysis performed on any of the materials studied in NAS
'3-4162. It is concluded that the greater creep resistance of
the vacuum tested Hiperco 27 alloy casting was due to the
absence of surface oxygen which apparently contributed to
lower strength for the air tested investment material. The
creep of the vacuum -melted alloy was not affected by the test-
ing atmosphere.

On the basis of tests completed, Hiperco 27 alloy lacks the
strength required to determine 10, 000 hour strength at and
above 1400°F. For those who prefer it, the creep data are
presented as log-log plots of stress versus time and are
shown in Figures IV.C.III-15and IV.C.III-17.

The stress was raised on some of the test specimens when
little or no creep could be measured or recorded during
test. These data are considered valid for the strains in-
volved.

Tables IV, C.III-5 throughIV.C.III-10 and Figures
IV.C.III-18 through IV.C,.III-29 show tabulations and
plots of creep data at various temperature and stress
levels. These plots show the stage of creep for each
specimen at the time(s) the data points were obtained.
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d.

ONE PERCENT SILICON-IRON INVESTMENT CAST
MATERIAL

A summary of the properties for this material is located in Section

IV.D.

1) Specific Heat

The specific heat of AMS 5210 is presented in Figure IV.D.I-
1. This property remains fairly constant to 572 -662°F and
then increases exponentially to a value of 0.155 Btu/ft-°F at
932°F.

2) Magnetic Properties

Only d-c properties were measured on this material. The
change in properties with temperature followed the pattern
observed for other silicon-irons. Residual induction, coer-
cive force and induction at 250 oersteds decreased with in-
creasing temperature while permeability at two kilogauss
first decreased and then increased with increasing temper-
ature. There was little change in the magnetization curve
after temperature cycling to 1100°F, though coercive force
increased by 15 percent. At 1100°F the coercive force de-
creased from 1.05 oersteds at room temperature to 0.58
oersteds and the induction for 250 oersteds from 19. 2 to
16.7 kilogauss. D-C Test Data are presented in Figures
IV.D.II-1and IV.D.II-2.

3) Tensile Properties

The tensile properties of AMS 5210 are presented in Table
IV.D.III-1and Figures IV.D.III-1and IV.D.III-2, The
cast bars were annealed in accordance with AMS 5210 be-
fore testing. No clarification of the tensile data is required
for this material. The expected ductility minimum of AMS
5210 occurs at 500°F. This material, like several of the
other soft magnetic materials, is not intended for use under
high stresses.
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e.  MARAGING STEELS (15 PERCENT NICKEL AND 18 PERCENT
NICKEL GRADES)

Summaries of the properties of these materials are located in Sec-
tion IV.E. Until recently, the Maraging steels have been avail -
able in three basic grades containing 25, 20, and 18 percent nickel.
The 18 percent nickel grade is available in three subgrades re-
ferred to by nominal yield strengths as 200, 250 and 280* Ksi as
determined by the titanium, cobalt, and molybdenum content. Now,
a fourth basic grade has been introduced, the 15 percent nickel
grade. This steel possesses better stability and higher strength

at elevated temperature. The improved stability is attributed to
the lower nickel and higher molybdenum content.

At the time NAS 3-4162 was initiated, no elevated temperature a-c
or d-c magnetic properties were available for 18 percent nickel
grade, but the elevated-temperature mechanical properties were
well documented. Such was not the case for the 15 percent nickel
grade. Consequently, tests were planned which would determine
the elevated temperature magnetic properties of the 18 percent
nickel,” 250 grade, and the magnetic properties and 1000°F mag-
netic stability of the 15 percent nickel grade. The discussion of
the properties found in the literature as well as those obtained

on NAS 3-4162 follows.

1) Magnetic Properties

In this program magnetic tests were conducted at tempera -
tures up to 800°F on 0. 014 inch thick laminations of 18 per-
cent nickel and 0.016 inch thick laminations of 15 percent
nickel Maraging steels (Figures IV.E,II-3to IV.E.II-5
and IV.E.II-7 to IV. E.II-9, respectively). In addition, a
1000 hour at 1000°F stability test was performed on a solid
ring of 15 percent nickel Maraging steel. These data are
plotted in Figure IV.E.II-2. On another program (LM529)
magnetic tests were performed on 15 and 18 percent Marag-
ing steel forgings at temperatures up to 1100°F (Figures
IV.E.II-1and IV, E.11-6).

*This grade is commercially known as the 300 grade.
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The data obtained on forgings, particularly the magnetization
curves for 1100°F, show that a decrease in nickel content

from 18 to 15 percent nickel raises the temperature capabil-
ity of Maraging steels. The results from the 1000 hour sta-
bility test (Figure IV, E.II-2) indicate that the temperature
limit of the 15 percent nickel Maraging steel lies below 1000°F,
probably between 750 and 850°F. At 700°F, both the 15 per-
cent nickel and 18 percent nickel Maraging steel forgings reach
an induction of 16 kilogauss in a field of 300 oersteds and dis-
play a coercive force of 16 to 18.6 oersteds.

Test data on sheet material (Figures IV.E.II-5and IV.E.II-
9) show little difference in core loss versus grade. Respec-
tive core-loss values for 0.016 inch and 0. 014 inch thick
laminations respectively of 15 and 18 percent nickel Marag-
ing steels are 218 and 195 watts/pound at room temperature;
200 and 208 at 500°F; 195 and 190 at 800°F; and 213 and 243
at room temperature, after 800°F. Contrary to the 18 per-
cent nickel material, no significant changes in room-temper-
ature values of the coercive force and high-field induction
occur in 15 percent nickel Maraging steel laminations after
exposure to 800°F. These values for the latter material

are 22,6 and 19.6 oersteds and 19.3 and 16.6 kilogauss for
room temperature and 800°F respectively.

2) Tensile Properties

The tensile properties of both grades of Maraging steel are
shown in Tables IV.E.III-1and IV, E.III-2 and are plotted
in Figure IV.E.III-1. The elastic modulus of the 18 per-
cent 250 grade is shown in Figure IV, E.III-2. Selection
of the 18 percent 250 grade rather than the 300 grade was
based on the superior ductility, impact strength and over-
all mechanical similarity of the 18 percent 250 to the 15
percent 280 grade even though the 15 percent material is
basically a higher strength alloy. Note the extremely high
800°F and 1000°F strength of the 15 percent grade. These
elevated strength data are higher than obtained on any other
Maraging steel.
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3) Creep

Larson-Miller plots for creep of the 15 and 18 percent nickel
grades are shown in Figures IV.E.III-3 andIV.E.III-5
respectively. The creep data for the 15 percent nickel are
shown in Table IV.E.III-3 and are plotted as stress-time
curves in Figure IV, E.III-4 and Figures IV. E. IT1-6 through
IV.E.ITI-14. Creep data for both grades were obtained on
material solution heat-treated at 1500°F and aged at 900°F.

It should be noted that, according to the International Nickel
Company, the creep properties of the 15 percent nickel
grade may be improved when the material is solution annealed
at 1800°F and then aged at 900°F., The lower temperature
solution treatment was selected for this program because

it was the commonly accepted heat treatment suggested by
the supplier.

The Maraging steel creep data have allowed the following
to be concluded:

a) The 15 percent nickel grade is not adversely
affected by air contamination during testing
to 900°F. Vacuum test data fell on the curves
generated with air test data.

b) The start of reversion from martensite to aus-
tenite in the 15 percent grade appears to start
between 700°F and 800°F and is apparently
well underway at 900°F.

c) The creep rate of the 18 percent grade is well
above that of the 15 percent grade especially
at 800°F and 900°F.

The vacuum creep data are also presented on the Larson-
Miller plot (Figure IV. E.III-3) for the 15 percent grade.
Plots of creep-time data are included in Figures IV.E.III-
6 through IV. E.III-14 and they will be useful to those who
wish to know the stage of creep for each specimen at the
time the data points were obtained.
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3) Fatigue

A room temperature S-N curve taken from the literature
on 18 percent nickel material is shown in Figure IV.E.III-
15. Melting technique is an important variable influencing
the fatigue properties of the maraging steels. It is there-
fore important to consider this factor when selecting any
grade of Maraging steel for any given application.

£.  AISI GRADE H-11 STEEL AMS 6487 (BAR AND FORGINGS)
AND AMS 6437 (SHEET)

A summary of H-11 properties is located in Section IV.F. When
H-11 was first studied as a candidate material for high-stress
applications at moderately elevated (800°F) temperatures, it was
selected because of its strength and strength retention character-
istics at elevated temperature. The magnetic properties of this
‘alloy at high hardness (Rockwell C52) levels were at best, mar-
ginal. Subsequent work by Frost, et al (LM 529) on the heat
treatment and mechanical properties of H-11 achieved acceptable
magnetic properties and managed to maintain the strength at a high
level. Actually, the elevated-temperature creep strength of the
H-11 at the lower hardness (Rockwell C45) was better than the
creep strength of the material heat treated to the most commer-
cially used hardness (Rockwell C52). This improvement in creep
characteristics is probably the result of a finely dispersed, car-
bide precipitate formed during high-temperature tempering which
has the effect of increasing the creep resistance of the martensitic

matrix.
1) Magnetic Properties

Figures IV.F.II-1to IV, F.II-12 present d-c and a-c prop-
erties of this material. The changes in coercive force and
permeability with increasing temperature follow the same
general pattern in both forged and sheet materials. At 250
oersteds, an induction value of over 18 kilogauss is reached
at room temperature. The coercive force decreases to 15
oersteds at 1100°F. As discussed previously in this report,
on stability testing at 1000°F for 1000 hours, there was a
progressive increase in permeability (Figure IV, F.11-2).
In general, the d-c magnetic properties improved with time
at temperature.
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As the gage thickness decreased there was no change in
coercive force. There was little difference in losses be-
tween the 0.014 inch thick and 0.025 inch thick sheet mate-
rials at either room or elevated temperature. Surprisingly,
the 0.025 inch thick sheet displayed somewhat lower losses
than those measured for the 0.014 inch thick sheet (refer-
ence Figures IV.F.II-7, IV, F.II-11 and IV. F.II-12 for
comparative data).

2) Tensile Properties

The tensile properties of AMS 6487 are listed in Table
IV.F.III-1 and are plotted in Figure IV, F.III-1. These
data were taken from LM 529 and represent typical values
obtained for material from different heats at a nominal hard-
ness of Rockwell C45. _

3) Creep

As pointed out in the introduction to the H-11 section, a
large amount of tensile and creep data were obtained from
LM529. These creep data are presented and discussed
here since a specific creep program was not planned for
NAS 3-4162 in anticipation of the availability of data from
LM529. A sheet-material creep program was included on
NAS 3-4162 since no data on H-11 sheet were available on
material thinner than 0.050. The technology required to
produce 0.014 and 0.025 inch AMS 6437 was also needed

and subsequently developed as indicated in Section I1II.
Creep data on sheet material were obtained on samples
taken transverse to the rolling direction since the trans-
verse creep properties were expected to be most affected
by processing 0. 050 inch material into thinner gage sheet.
In addition, creep test checks were made using selected
longitudinal samples. The sheet specimens were hardened
to Rockwell C45. Creep data for bar and sheet material are
shown in Tables IV, F.III-2 through IV, F.II11-5. The sheet
and vacuum creep on forged material data were obtained on
NAS 3-4162 and the bar data in air were obtained from LM
529. All air and vacuum-creep data so obtained on different
lots of AMS 6487, heat treated to Rockwell C45, are shown
in the Larson-Miller plot, Figure IV.F.III-2,
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Creep data obtained on H-11 sheet are shown in similar
Larson-Miller plots in Figures IV.F.III-4 and IV. F.III-
5. The strain-time curves for tests in air are presented
in Figures IV, F.III-7 through IV.F.III-11. These are
useful in determining the transition from first to second
stage creep. A comparison of air and vacuum creep data
for bar material, as compared to sheet material in air, is
plotted on Figure IV, F.III-3.

From the above data, the following conclusions are made:

a) The creep properties of AMS 6437 (H-11 sheet)
are isotropic at a hardness level of Rockwell
C44.5 - 45.5 and are equivalent to those ob-
tained on bar.

b) Bar material (AMS 6487) is not adversely
affected by testing in air or vacuum atmosphere
up to 1000°F and a vacuum of 10-6 torr.

c) At 900°F and 10, 000 hours, a characteristic
stress of 45,000 psi for 0.4 percent exten-
sion is realized from Larson-Miller extra-
polations.

4) ~ Fatigue

A tabulation of the 800° and 1000°F fatigue data obtained on
NAS 3-4162 are presented in Tables IV. F.I1I-6 through
IV.F.III-8. These data are plotted on Figures IV. F.III-
14 through IV. F.III-17. Fatigue data were obtained at
stress ratios (A) of 0.25 and 2.00. The stress ratio (A) is
defined as the ratio of alternating stress to mean stress.
Modified Goodman diagrams of these fatigue data are shown
in Figures IV, F.III-12and IV.F.III-13. No points are
located on the X axis of these plots since no known material
property measurement (yield, tensile, creep, or stress
rupture strength) would be meaningful. The shape of these
modified Goodman plots do not always follow the usual trends,
and no explanation for their shape can be offered. H-11is
notch sensitive under all conditions of test, although the
degree of sensitivity is noticeably lessened by the application
of a superimposed static stress. A word of caution on H-11;
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this alloy is extremely sensitive to decarburization during
heat treatment. Several lots of fatigue specimens were
lost due to decarburization during heat treatment. As little
as 0.001 inch of decarburization can adversely affect the
quality test data. H-11 should be heat treated only in
atmospheres which will not cause either carburization or
decarburization.

g. NIVCO ALLOY
A summary of Nivco alloy properties is given in Section IV.G.
1) Specific Heat

The specific heat data for forged Nivco alloy are presented
graphically in Figure IV.G.I-1. A constant value for spec-
ific heat of 0. 102 calories/gram-°C (or Btu/1b-°F) was
measured at temperatures to 300°C (572°F). Above 300°C,
the curve behaves exponentially and reaches a specific heat
‘of 0.156 calor1es/gram -°C at 700°C (0.156 Btu/1b-°F at
1292°F).

2) Electrical Resistivity

The electrical -resistivity test results for Nivco alloy sheet
are listed in Table IV.G.I-1 and IV.G.I-2. Resistivity
measurements were made during both heating and cooling to
and from 1600°F respectively. The first test showed a degree
of hysteresis as shown in Figure IV, G.I-2. The second test
plot, Figure IV, G.I-3, shows the electrical -resistivity re-
sults for forged Nivco alloy in the equilibrium condition, in
which the cooling curve followed the heating curve exactly.

3) Magnetic Properties

Tests on forged stock show that coercive force and residual
induction as well as permeability at high inductions decrease
with increasing temperature; however, permeability at low
inductions increases with increasing temperature. After
the test at 1400°F, the room temperature coercive force
was 8.9 oersteds, a reduction from the 11.5 oersteds meas-
ured initially. After stability testing (Figure 1V.G.II-2) for
1000 hours at 1000°F, the magnetic properties of the Nivco
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alloy forging were virtually unchanged indicating that the
material is stable at this temperature.

Changes in the d-c properties of 0.014 inch and 0.025 inch
thick laminations follow the same trend with increasing
temperature as those measured for the forging. However,
coercive force of sheet materials is considerably higher
(40.3 and 35.5 oersteds at room temperature for 0. 014 inch
and 0. 025 inch thick laminations respectively) at both room
and elevated temperatures. There is little difference in core-
loss values for both sheet thicknesses in spite of different
gages. At 400 cps and 8 kilogauss, the core-loss values for
0.014 inch and 0.025 inch thick laminations, respectively,
are: 158 and 135 watts/pound at room temperature and 46
and 44 watts/pound at 1400°F. Upon return to room temper-
ature, the losses are 84 and 88 watts/pound after exposure
to 1400°F (Figures IV.G.II-6 and IV.G.II-8). A consider-
able decrease in coercive force appears to be primarily
responsible for the decrease in losses at room temperature.
This phenomenon was previously mentioned.

4) Tensile Properties

The short time elevated temperature tensile properties for
forged Nivco alloy are tabulated in Table IV.G.III-1 and
are graphically shown by Figures IV. G.III-1and IV.G.III-
2. The room temperature tensile properties for forged
Nivco alloy show the 0.2 percent offset yield strength to be
approximately 68 percent of the ultimate strength. The 0.2
percent yield strength and ultimate strength do not dip appre-
ciably up to 1100°F. Nivco alloy over-ages rapidly at 1400°F
and 1600°F.

The short time elevated temperature properties of 0.025 inch
thick transverse Nivco sheet are shown in Table IV, G.I1II-2
and Figures IV.G.III-3 and IV.G.I1I-4. Note that the room
temperature 0.2 percent offset yield strength is 95 percent
of the ultimate strength, as compared to 68 percent of tensile
strength for bar. This ratio is reduced continuously with
temperature to a value of 78 percent at 1100°F.
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5) Creep Tests

Creep test results for forged Nivco alloy are tabulated in
Tables IV.G.III-3 through IV, G.III-6 and plotted in
Figures IV, G.I1II-5 through IV.G.I1I-22, The 900°F and
1100°F tests required stresses above the yield strength of
the alloy to produce 0.2 and 0.4 percent creep strain in
1000 hours or less. Creep testing above a material's yield
strength introduces scatter not normally encountered in
creep data. However, the data obtained in this manner
could be easily fit to smooth curves in both Larson-Miller
and stress-time data plots. Initially, Nivco alloy did not
appear to be adversely affected by the test atmosphere
whether the atmosphere was air or argon (see Figure
IV.G.III-6). However, creep resistance was affected
when the alloy was tested in air above 1400°F or in vacuum
above 900°F as shown in the Larson-Miller plots of Figure
IV.G.I1II-5. The Larson-Miller plots were prepared after
a parameter constant of 30 had been calculated for Nivco
alloy. The Larson-Miller plot shows that it requires an
apparent stress of 80, 000 psi to produce 0.4 percent creep
strain in 10, 000 hours at 1000°F.

Table IV.G.III-7 and Figures IV.G.III-23 through IV.G.III-
25 are for 0.025 inch thick transverse Nivco sheet. The 0.2
and 0.4 percent creep strains were produced at stresses
which are lower than required to produce equivalent deforma -
tions in forged Nivco bar. These data were obtained on sam-
ples which had been reheat treated for improved creep strength.
A large amount of initial creep data were obtained on samples
which had been simply cold finished and then aged after solu-
tion heat treatment. These samples possessed extremely low
creep strength. Data on the low strength materials are in-
cluded for reference only and should not be used except for
comparison purposes. Creep strength for the sheet Nivco
samples was improved after the remaining test specimens
were re-solution heat treated at 1900°F, 175°F above the
nominal solution treatment temperature of the material
(1725°F), and subsequently aged for 25 hours at 1225°F to
produce maximum hardness. It was assumed that the initial
low creep strength of the Nivco sheet was connected with the
cold finishing operation used on Nivco sheet after solution
annealing.
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Shop practice for making magnetic alloy sheet usually requires
the materials to be cold finished. The Nivco used for this
program was bought in the solution heat treated and cold
finished condition. A controlled research program is required
to completely restore the creep properties of Nivco sheet to
the level achieved with bar stock. Creep test results on the
reheat treated material are shown in the summary in Section
IV.G. The inclusion of the creep-time curves of Figures
IV.G.I11I-9 through IV.G.III-25 should be of benefit to those
who wish to know the stage of creep for each specimen at the
time the data points were obtained.

6) Fatigue Tests

Fatigue data for forged Nivco alloy bar are listed in Tables
IV.G.I1I-8 through IV.G.III-10. The fatigue tests were con-
ducted on smooth and notched bar specimens at temperatures
of 900°F, 1000°F, and 1100°F using stress ratios (A) of in-
finity and 0.25. Figures IV.G.III-27 through IV.G.III-32
are S-N curves representing smooth and notched-bar fatigue
lives at different stresses. The notched-bar properties are
30, 000 to 40, 000 psi below the smooth-bar stresses ata
stress ratio of infinity. These data show the expected notch
sensitivity of forged Nivco alloy. At a stress ratio of 0.25
the notched and unnotched fatigue properties for forged
Nivco alloy are improved. The notched sensitivity is almost
eliminated, and an increase of 50,000 to 60, 000 psi maxi-
mum stress is obtained. The only deviation in the improved
fatigue properties occurs after 108 cycles at 1100°F. At
this test condition, the forged Nivco alloy gives indications
of becoming notch sensitive.

Table IV.G.III-10 contains the tabulated data used to con-
struct the modified Goodman type diagram, Figure IV.G. III-
26. This figure shows the deviation between smooth and
notched-bar fatigue properties at 1100°F for 107 cycles for

a stress ratio of 0.25.
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SECTION I1I

MATERIALS, PREPARATION AND TEST PROCEDURES

A. MATERIAL SPECIFICATIONS AND PREPARATION

A list of the magnetic materials, their sources, and purchasing speciﬁcaﬁons

is provided below.

Material and Form

Westinghouse Cubex
alloy; 6 and 12 mil
sheet and 2 and 6

mil tape wound cores.
(3Si-Fe)

Supermendur; 2 mil
tape, 6 mil sheet
and 2V-Permendur
bar.
(49Fe-49Co0-2V)

Hiperco 50 Alloy;
4 and 8 mil sheet.
(49Fe-49Co0-2V)

Hiperco 27 Alloy;
4 and 8 mil sheet
bar and casting
(27Co-Fe)

Iron One-percent
silicon investment
casting.

Source

Westinghouse Research and
Development Center, Pitts-
burgh 35, Pa., and Westing-
house Specialty Transformer
Division, Beaver, Pa.

Arnold Engineering Corp.,
Marengo, IIl.

Westinghouse Materials
Manufacturing Dept.,
Blairsville, Pa.

As above.

Hitchener Manufacturing

Co., Milford, N.H.
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Product Specification

No commercial spec-
ification available.

Arnold Engineering
Product Specification
for Supermendur with
Westinghouse core-
loss requirement.

Westinghouse Product
Specification.

Westinghouse Product
Specification.

AMS 5210



Material and Form

Nivco alloy sheet
and bar
(23Ni-1.1Zr-1.8Ti-
Co)

Maraging steel bar
and sheet,
(15-18Ni-Co-Mo-
Fe)

AISI Grade H-11
sheet; 0.050 inch
thick premium
quality material.
(5Cr-1Mo-1V-Fe)

AISI Grade H-11;
bar and forgings
premium quality
material.
(5Cr-1Mo-1V-Fe)

Source

Westinghouse Research and
Development Center, Pitts-
burgh 35, Pa., and Westing-
house Materials Manufactur-
ing Dept., Blairsville, Pa.

Allegheny Ludlum Steel
Corp.

Universal Cyclops Steel
Corp., Rerolled to 0.014
and 0.025 inch and heat
treated by Westinghouse
Research and Development -
Center, Pittsburgh 35, Pa.

Universal Cyclops Steel
Corp.

Product Specification

No commercial spec-
ification available.

Allegheny Ludlum Prod-
uct Specification Almar
15 and Almar 18

AMS 6437

AMS 6487

Three of these materials, Nivco alloy, H-11, and 15 percent Maraging steel in
thin-gage sheet, were not commercially available at the time this program was
started. Consequently, sheet rolling technology was developed to produce
limited quantities of both alloys for this program. A detailed account of the

rolling procedures is given in subsequent paragraphs.

1, Nivco Alloy Sheet Preparation

Starting material for the Nivco strip consisted of a 5 inch x 5 inch x 10
inch long forged bar which was subsequently hot forged at 1850-2100°F to
a 5/8 inch by 5 inch slab. The slabs were then hot rolled to 0. 125 inch

strip.

A heavy, tenacious oxide which formed on the alloy during the

hot-rolling operation was removed by grit blasting and pickling in a mix-
ture of 35 percent HC1, 50 percent HNOj3, and 15 percent water.

After pickling, the 0.125 inch strip was cold rolled in an 8 inch x 8 inch,
two-high mill to 0.062 inch thick and annealed at 1825°F in dry hydrogen.
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B.

The cold rolling proceeded in the two-high mill to 0.025 inch thick where
half the strip was again annealed and finished in a four-high mill to 0.015
inch. The 0.015 inch strip was skin-passed, two-high to achieve a flat
product.

2. H-11 (AMS 6437) Sheet Preparation

The as received, 0.050 inch thick, annealed H-11 certified to meet AMS
6437 was cold rolled in a two-high mill directly to 0.025 inch. Half the
material was finished to 0.015 inch on the four-high mill and flattened by
a final two-high pass. No intermediate anneals were required on the H-11
material.

3. 15 and 18 Percent Maraging Steel Sheet Preparation

The starting material was a 10 pound, one-inch-thick, round bar of 15%
nickel Maraging steel which was hot rolled after heating in hydrogen at
1850°F. No difficulty was experienced in preparing the 0. 100 inch strip.
The strip material was cooled to 1500°F, held for 15 minutes, and water
quenched to 72°F. After hot rolling, the as quenched strip was cold rolled
to 0.022 where it was re-solution annealed at 1500°F, quenched, pickled
and cold rolled to 0.016 inches. The rolling was done in a two-high mill.
After punching and deburring, the laminations were aged for 3 hours at
900°F in hydrogen and coated with aluminum -orthophosphate.

The 18-percent nickel Maraging steel sheet was supplied in the punched
and fully heat treated condition.

TEST SPECIMEN PREPARATION

A series of drawings showing typical examples of mechanical and thermophysi-
cal test specimens are presented in Figures ITI-1 to III-30. Unless other-
wise specified, all dimensions shown on the drawings are in inches.

1. Solid D-C Test Ring

All the heat treatable alloys were machined to 0.020 inch oversize, heat
treated, finish machined, and ground to size. The heat treatments used
on the different alloys are listed later in this section.

2. Rowland-Ring Test Samples

The sheet materials were blanked and pierced with precision dies to hold
deburring to a minimum. After blanking, all laminations (except those of
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Supermendur, which were returned to Arnold Engineering Corp. for further
processing) were degreased and insulated with one coat of aluminum -ortho-
phosphate to prevent sticking during magnetic-field annealing or stress-re-
lief annealing. Unless otherwise specified, all samples were stress-relief
annealed (SRA). A second coat of aluminum -orthophosphate was applied
after annealing as an interlaminar insulation. When deburring was neces-
sary, the rings were passed through an automatic belt sander.

All the finished cores were wound with insulated wire and tested. Wire
selection depended on the test temperature and the driving voltages.
Nickel coated copper wire insulated with Westinghouse 2554B insula-
tion was used for tests to 1100°F and 100 volts. Above these limits
Anadur wire from the Anaconda Wire and Cable Company was used.

3. Mechanical and Thermophysical Test Specimens

a. Smooth-Bar Specimens

1) Rough machine to 0.020 inch oversize

2) Heat treat when required

3) . Rough grind to 0.008 inch oversize

4) Finish grind in 0.0002 inch steps to 0. 001 inch over-
size with coolant and polish with 180, 400, and 600
grit abrasive as necessary to achieve the specified
finish and size.

5) When specified, lap to the indicated finish.

b. Notched-Bar Specimens

1) After heat-treatment, rough machine the notch to
0.010 inch oversize.

2) Finish machine the notch to size with a carbide-tipped
cutting tool which has been exactly ground to the notch

, contour.
3) Finish and polish, using an appropriate string impreg-

nated with abrasive for finishing the notch, being care-
ful not to alter the notch contour by lingering in the
notch. All fatigue specimens shall be longitudinally
polished.
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Specimen Heat Treatment

1)

2)
3)

4)

5)

H-11 Bar

Preheat the test bars to 1200°-1300°F, transfer to a
hydrogen-gas atmosphere furnace and heat to 1850°

+ 25°F, Hold at temperature for one hour andair quench
to room remperature. Temper the parts three times

in air at 1120°1140°F for three, 1-1/2 hour, periods
to achieve a final hardness of Rockwell C44to C45.5.

One-Percent Silicon-Iron Annealed per AMS5210

Westinghouse Nivco Alloy Bar and Sheet Magnetic
Test Specimens

Heat to 1725°%15°F in an air atmosphere, hold at tem-
perature 1 hour and water quench. Age-harden at
1225°+5 °F for 25 hours in air to a minimum hardness
of Rockwell C36.

Hiperco 27 Alloy (Sheet, Bar, Forgings and Castings)
This material was ordered inthe fully annealed con-

dition. (See page 298, paragraph E for typical an-
nealing cycle.)

H-11 Sheet (Rowland Rings and Mechanical Test

Specimens)

H-11, 0.014 inch and 0. 025 inch sheet was obtained

in the annealed and cold rolled condition. The as-
rolled sheet was punched and blanked, deburred, de-
greased and coated on both sides with aluminum-ortho-
phosphate to prevent sticking during heat treatment.
The heat treatment was conducted in a hydrogen-atmos-
phere furnace in which the atmosphere dewpoint is
maintained at a maximum dewpoint of -40°F. The punch-
ed laminations were held between two plates and pre-
heated to 1200°-1300°F and then transferred to a hydro-
gen atmosphere furnace held at 1850°¢25°F. Time at
temperature was one hour and was followed by an air-
blast quench. As quenched, the sheet has a hardness
of Rockwell C60 (converted from Rockwell 15N).
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6)

Hydrogen gas also acted as the protective gas during
tempering at 1050°-1125°F. Three 1-1/2 hour temper
cycles were required to bring the hardness to nominal
Rockwell C45 and to effect complete transformation
of austenite to martensite. After heat treatment, the
rings were recoated on both sides with aluminum -
orthophosphate and wound for magnetic test. Me-
chanical test sheet specimens were heat treated

as above; however, the aluminum -orthophosphate
treatments were omitted, and the samples dusted
with high-purity alumina to prevent sticking.

Nivco Alloy Sheet (Mechanical Test Specimens Only)

The Nivco Sheet, 0.014 inch and 0.025 inch thick, was
initially solution heat treated in air, water quenched,
pickled, and cold finished (76 percent reduction of
area). Nivco sheet in the solution-annealed condition
requires a 25-hour air age at 1225°+5°F to achieve a
minimum hardness of Rockwell C38. Actual hardness
achieved on trial samples approached Rockwell C43
(converted from Rockwell 15N). However, these sam-
ples exhibited extremely poor creep resistance and
were subsequently re-solution heat treated at 1900°F
in hydrogen, water quenched and aged as above in

dry hydrogen.

C. TEST PROCEDURES

A summary tabulation of the magnetic materials tested, type of test, drawing
reference number, and test method or specification is found in Table III-1.
Different size specimens were frequently run for the same general type test
because of the materials high strength or because of size limitations such as
imposed by sheet materials. A discussion of the many different tests and
procedures follows.

1.

Thermophysical Properties

Specific Heat

Precise measurements of specific heat were made in a drop-water
calorimeter according to a method described by J. Valentich of
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the Westinghouse Research Laboratories. (1) The only specimen re-
quirement for measurement of specific heat is that a compact mass
of approximately 30 grams be available for test.

Oxidation was prevented by sealing the specific-heat specimens in
evacuated, quartz capsules. During normal testing, the specimen
temperature was measured with a platinum -rhodium thermo-

couple mounted in a quartz well inserted halfway down the center

of the specimen. Since quartz is not as good a heat conductor as

the metal, it was necessary to determine the difference in temper-~
ature between the quartz well and the specimens. To do this, a

1/16 inch diameter hole was drilled in a standard copper specimen
to within 3/16 inch of the quartz well, and thermocouples were posi-
tioned in both the specimen and the quartz well. Temperatures were
recorded at both locations as the specimen was taken through a com-
plete test. The quartz cover on the bottom of the specimen was left
out in the test to facilitate the placement of the thermocouple in the
specimen. The results show that the temperatures in the quartz
well and in the specimen were within one percent except at 1500°F
where they differ by about 1.5 percent. This means that the thermo-
couple in the quartz well measures the specimen temperature with
good accuracy over the entire testing temperature range. No diffi-
culties were encountered during any of the measurements of specific
heat.

b. Electrical Resistivity

The standard Kelvin Bridge method of ASTM B-70 was used for all
measurements of electrical resistivity. One refinement was added
to ensure accurate data, a vacuum of 10-4 torr constituted the

test atmosphere. Strip and wire materials were wound on a 5/8 inch
diameter quartz mandrel and the balance of the materials simply
supported in the furnace hot zone.

(1) Valentich, J. - "Equipment and Methods for the Continuous Measurement
of Heat Content of Metals to 1100°C"'. Westinghouse Materials Engineer-
ing Report No. 5973-3031, Westinghouse Electric Corporation, East
Pittsburgh, Pa., 19 November 1959.
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A Leeds and Northrup Kelvin Bridge was used to measure the re-
sistance. Short pieces of alumel wire were used in the furnace hot
zone and silver wire in the room temperature zone as lead wires.
Resistance welding was used to fix the alumel leads to the speci-
mens. The elevated temperature tests were conducted in a vacuum
of 5 x 10-9 torr and the average temperature variation over the 2
inch coil length was less than + 1 percent. All the samples were
heated at a rate of 10°F/min and the resistance of each specimen
was measured at 100°F increments with increasing and decreasing
temperatures. Preliminary tests on a sample of TD nickel wire
showed that the resistance measured at this heating rate duplicated
the results obtained by soaking at each temperature increment for
twenty minutes. For this reason, all other specimens were tested
at a constant heating rate of 10°F per minute. In all tests the in-
tegrity of the elevated temperature leads was checked at room tem-
perature by comparing the resistance measured with the special high-
temperature leads and the resistance measured using the standard
room temperature clamps.

The Kelvin Bridge used to measure the resistivity of the specimens
has a resolution of 10-8 ohms. Resistivity was computed and re-
ported in ohm-cm.

c. Thermal Expansion

The thermal expansion measurements were made in a quartz-tube
dilatometer in which the specimen is heated with a resistance wound
furnace. The furnace and tube are orientated in a horizontal position.
The furnace is stationary while the tube and associated measuring
apparatus can be moved in and out of the furnace on a rail. The
quartz tube is slotted at the closed end so that a 2 inch long speci-
men can be placed in it with one end contacting the bottom. A quartz
rod, attached to a Statham linear-displacement transducer, is in
contact with the other end of the specimen. As the specimen expands,
the quartz rod moves, and the transducer measures the amount of

the movement. The transducer is an unbonded, Wheatstone bridge
circuit whose sensitivity can be varied by regulating the voltage input.
Length changes as small as one micro-inch can be measured. The
output of the transducer is recorded on one axis of a Moseley recor--
der; the output of a chromel-alumel thermocouple wired to the speci-
men is recorded on the other axis of the recorder. The resultant
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curve is then corrected for the expansion of quartz. The tempera-
ture rise of the specimen is pre-programmed at 3°C per minute
using a Leeds and Northrup program controller. Argon gas is
continuously flooded over the specimen to prevent oxidation at the
higher temperatures

d. Thermal Conductivity

This property was only measured on one material, using the com-
parison bar technique. In this method the specimen, 1/2 inch in
diameter by 4-1/2 inches long, is fixed to a heater block through

a snug tapered fit. The other end of the specimen is fixed through
a threaded connection to a comparison bar of nickel, 1/2 inch in
diameter by 4 inches long, whose thermal conductivity is known.

A heat sink, cooled by circulating water, is fixed to the free end

of the nickel rod. The nickel and specimen rod assembly is held
in a vertical position with the heater at the bottom. The rod sys-
tem is surrounded with alumina insulation which is enclosed with

a 2-1/2 inch diameter shield. The shield is made from 302 stain-
less steel and nickel. The stainless steel portion is as long as the
specimen, and the nickel portion is as long as the comparison bar.
The nickel and stainless steel sections are but welded and the
joints located as to be in line with the specimen nickel joint. A
heater is fixed around the shield circumference at this joint.

Three chromel -alumel thermocouples are fixed to the specimen,
the first is 1/2 inch down from the nickel joint and the remaining
two at 1 inch intervals below the first. Four thermocouples are
fixed to the comparison bar, the first is 1/2 inch above the speci-
men joint and the other three at 1 inch intervals above the first.
Seven thermocouples are similarly placed on the shield at the same
height as those on the bars. The entire assembly is set on alumina
insulation which is on a steel base plate and surrounded with 5 inch
I.D. Transite tube. The area between the shield and the Transite
tube is filled with alumina insulation. A bell jar is placed around
the Transite pipe and the system evacuated.

As the heater temperature rises, the specimen temperature rises,
and heat flows up the specimen through the joint and to the water
sink at the end of the nickel bar. Unidirectional heat flow up the
specimen is obtained by adjusting the heaters on the shield and the
heater block, and by adjusting the water flow. The thermocouples
on the bar and shield at the same height are maintained at equal
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2.

temperatures to prevent radial heat flow. After these conditions
have been established for about four hours at a test temperature,
all thermocouples on the comparison bar and the specimen are read
and recorded. The thermal conductivity of the specimen is then
computed.

Magnetic Tests

The test methods used in performance of this contract followed the gen-
eral ASTM test methods. Slight modifications were made in the details
in order to adapt the methods to the geometry of the test specimens and/
or permit their use at high temperatures and high inductions, rather than
the room temperature techniques applicable only to the basic test method.

a. D-C Tests

D-C tests were made according to ASTM A341 for both solid, Row-
land ring and wound toroid ring specimens.

b. A-C Tests

A-C tests were made in accordance with the standard ASTM A343
wattmeter method with the exception that the samples were ring
samples wound with primary and secondary windings rather than
Epstein samples. High sensitivity reflecting type wattmeters
were used for all a-c tests.

c. Power Supplies

Tests at 400, 800 and 1600 cycles per second were made utilizing

a variable frequency motor generator set having a rated output of
7.5 kva, 3 phase at 120 volts. Frequency was measured with a
Hewlett-Packard electronic counter and was controlled to + 1
cycle/sec. Tests at 3200 cycles per second were made with a
Westinghouse 25 KW power amplifier driven by a Hewlett-Packard
oscillator. When necessary, feedback could be applied to the ampli-
fier to maintain a sinusoidal waveform.

d. Elevated Temperature Atmosphere Chambers
Oxidation protection for the specimens was afforded by a number

of welded retorts which were constructed to fit in available labora-
tory ovens and furnaces. Type 304 stainless steel was used for the
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1100°F boxes and Inconel 600 for the 1400°F boxes. The lid joints of
the atmosphere chambers were machined and ground for a close,
tight, fit. :

The many lead wires from each specimen were brought through a
Transite plug located in the pipe leading from the atmosphere cham-
bers. All joints were further sealed with a high-temperature
Saureisen cement. A second tube was provided as a gas outlet and
lead to a bubbler to prevent back-diffusion. Specimen temperature
was controlled or measured by a thermocouple placed on the actual
test rings and wound into the maze of windings as an integral part of
the specimen

e.  Special Winding Techniques

In order to make both a-c and d-c tests to 1400°F at frequencies

to 3200 cps on the same sample, a series of unique winding tech-
niques were devised. It was also desired to have a peak mag-
netizing force of at least 250 oersteds for the d-c tests. The selec-
tion of this force automatically set the minimum number of turns
for the primary windings. To complicate matters, the voltage
capability of the available a-c power supplies dictated the maximum
number of turns which could be used for the high-frequency tests.
After a series of insulation failures at high temperature, a novel
winding technique was devised which proved completely satisfactory.
It was as follows:

1) Where possible, sample area was reduced to reduce
voltage requirements for high frequency testing.
2) The primary windings were sectionalized to reduce

induced voltage during high frequency testing.
3) Use of Anaconda Wire and Cable's Anadur insulated
nickel -clad copper wire.

4) Use of fiberfrax mat insulation backed by glass tape
for insulation between layers of the windings.

5) Use of ceramic tubes to bring all lead wires through
the winding. -
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f. Constant Current Flux Reset Testing (CCFR)

All CCFR tests at room and elevated temperature followed the pro-
cedures described in AIEE test specifications 430, 431, and 432.
Since relatively few turns were required, commercml high temper-
ature lead wires were used for conductors. An atmosphere box
similar to that described in paragraph d. above was used for the
elevated temperature tests.

Mechanical Properties

a. Tensile Property Measurements

All properties which are normally determined in tension and com-
pression were determined in strict accordance with ASTM pro-
cedures. Strain rates were 0.005 inches/inch/minute to the y1e1d
strength and 0. 05 inches/inch/minute above the yield.

Some difficulty was encountered in the measurement of Poisson's
ratio and compressive strength of Cubex alloy. The latter pre-
sented a problem because it is only available in thin sheet gages
which made awkward specimens. Poisson's ratio measurements
on Cubex alloy were further complicated by the extremely large
grain size and the anisotropy associated with large grain size in
grain oriented materials. Although the above materially contri-
buted to the observed scatter, the source and amount of the scatter
were determined by placing eight strain gages on each of two
Poisson's ratio sheet specimens. Normally, only four strain gages
are required for accurate strain measurements. The eight gages
were arranged as shown in Figures I11-29 and II1I-30. Note that
the gages were placed in both the longitudinal and transverse di-
rections on a single grain as well as across the grain boundaries.

The Baldwin-Lima-Hamilton type A-7 gages were mounted on the
sample with Duco Cement, and were chosen for their size, sta-
bility, and ease of mounting.

For accuracy, a Wiedeman-Baldwin Mark B-20 testing machine
was used in conjunction with a Budd, digital, strain indicator.
Strains were recorded at numerous load increments with each set
of readings made at constant load. =~
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Tests made on the above specimens revealed variations in
Poisson's ratio within different grains in both directions as well
as across different grain boundaries. No difficulties were en-
countered in the measurement of Poisson's ratio on materials
other than Cubex alloy.

b. Creep Testing

All creep testing performed on NAS 3-4162 exceeded the ASTM
specifications for creep testing in air, inert atmosphere, or
vacuum. The additional attention to detail was mandatory if
reliable creep strains of 0. 20 and 0.40 percent were to be ob-
tained in the desired times. Both spring and lever machines were
used and specimens were thermocoupled and instrumented with

an extensometer. A number of checks were performed during

the program to verify the performance of the creep test equipment.

Two pieces of Billet No. 4C804T1 were obtained from the Creep
Rupture Specimen Bank of the ASTM ASME Joint Committee on
Effect of Temperature on Properties of Metals. These pieces
were sectioned and tested according to instructions. The mean
rupture life in spring machines was 102 hours and the mean rup-
ture life in lever machines was 116 hours. Both values fall with-
in the 95 percent confidence limits established by the committee
for this material. The material used for the above tests was type
304 stainless steel and was tested in the following manner. The
samples were placed in the machines, heated to 1300°F and left
unloaded overnight. The following morning the temperature was
raised to 1350°F, held for one hour, and the specimens loaded to
13, 500 psi and tested to rupture.

The vacuum creep test equipment was checked for pressure, leak
rates and gas analysis before testing was started. A record was
kept of pressure during each test. An analysis of the gases in the
chamber are listed in Table I1I-2. The blank-off leak rate is also
given in Table III-2. Actual measured gas transfer rates meas-
ured by a cryogenic pump and a mass spectrometer are an order
of magnitude greater showing that the chamber is providing some
of the pumping. The leak rates were checked at the beginning of
each test both at ambient temperature and test temperature. All
pressures were maintained well within the specified limits of

1 x 10-9 torr maximum pressure. A pressure of 1.5 X 10-7 torr
was typical of normal pressures obtained at 1600°F within a
chamber.
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TABLE III-2. Gas Transfer (Mol Percent)

Blank-off
Other Leak Rate
Hydro- CC-ATM
Temperature H2 co No 0y COZ carbons Sec
Room 6
Temperature 6.63( -- 30.39 [8.23 |31.35(23.40 1-2x 10~
1600°F 34.19( 22.92 | 14.79 | 3.41 | 10.19 | 14.5 1-2 x 10-6

As a final precaution, and in accordance with a recommended
Materials Advisory Board procedure, a piece of dead soft colum-
bium having a Vickers hardness (10 KG) of 42.1 was exposed at
2200°F for one hour in the creep machine under test vacuum. The
final hardness was 43.1 attesting to the fact that the vacuum
quality met existing Materials Advisory Board specifications.

After proving the quality of the vacuum test chambers, it was de-
cided to check for possible change in the creep specimens which
might affect the measured creep rates. To do this, the creep
properties of air, argon, and vacuum creep specimens were com -
pared and gas analysis of both the tested and untested vacuum test
specimens were made for oxygen and carbon. This analysis is
presented in Table ITI-3. No changes in oxygen or carbon content
were observed. The slight differences between the values listed
on Table III-3 are due to standard experimental errors. Before
starting the vacuum creep tests, base line data were obtained
first in air and argon using extensometers on the specimens. The
stresses and test temperatures selected for vacuum testing were
taken from Larson-Miller plots of the air test data since the
vacuum tests were expected to check the air and argon data. Be-
cause of equipment limitations, the extensometer could not be fas-
tened directly to the vacuum test specimens but was connected to
the machine crosshead. The vacuum test extensometer data were
then corrected for linkage errors. The creep strain rate obtained
in this manner agreed with those obtained using extensometers

on the specimens.
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The creep strain was also measured after test at room temperature
as an additional check on all the air and vacuum test data. In all
cases the creep strain observed by extensometer agreed with that
measured at room temperature within experimental error. The
vacuum creep strains found at the end of the test also verified this
observation.

The test program on H-11 and Nivco alloy sheet was planned to
check data already available for bar stock rather than to establish
basic creep properties. Because there is often a difference be-
tween properties measured in the transverse and longitudinal
directions of sheet, the majority of specimens were selected for
test in that direction considered most likely to be affected, namely
the transverse.

The creep data for H-11 were obtained by means of measured
elongation resulting from stressing test samples for given lengths
of time at temperature. The current tests were made in the same
manner with stress and temperature selected to duplicate tests
already completed on the forged alloy on another program (L.M529).
Extensometers were used on the Nivco alloy sheet to check data
obtained on NAS3-4162 for forged bars.

Combination smooth and notched bar creep test specimens (Ki = 3.0)
were mixed in with smooth bar test specimens for nearly all mate-
rials to determine possible notch-sensitivity. Only two of the 150
creep samples suffered a notch failure. These two samples, both
Nivco, appeared to be defective and were disregarded.

c. Fatigue Testing

All fatigue tests run on this program were planned in an air atmos-
phere. The decision to air-test the H-11 and Nivco alloys was made
when the literature failed to provide master air-atmosphere fatigue
data on either of the above alloys. A large amount of inert-gas
atmosphere fatigue data has been obtained for other alloys on the
Maritime Gas Cooled ' Reactor Program.(2) These data showed a
modest effect of atmosphere purity on the fatigue life of various
nickel and iron-base, high-temperature alloys. However, both

(2) wall, F. J., '"Metallurgical Development for 1500°F MGCR Gas Turbine",
Maritime Gas Cooled Reactor Project Engineering Report, Westinghouse
Electric Corp., Lester, Pa., February 1964.
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beneficial and adverse effects of the purified test atmosphere on
the alloys studied were noted. In general, effects were found to
be a function of grain size, alloy composition, and test-atmos-
phere purity. A comprehensive study like that performed on the
MGCR Program is beyond the scope and time limitations of this
program. It was decided to obtain the best possible base-line,
air-atmosphere data from which a detailed atmosphere test pro-
gram could be planned if such data became a necessity. Several
high-purity argon-atmosphere tests were made to check the alloys
of interest on this program for this sensitivity, and to alert the
designer to these trends. A similar check had also been done
early in the creep program with no significant differences in the
measured property observed in either case except at temperatures
over 1400°F. All fatigue specimen notch geometry was calculated
to give a stress concentration (Kt) of three.

The fatigue specimens were mounted into a 5-to-1 stress multiply-
ing fixture and assembled into a Sonntag Model SF-1U fatigue
machine for test. Specimen eccentricity, with respect to the cen-
ter line of the grips, was held to less than 0.00025 inch. A speci-
men, previously calibrated in a tensile machine, was used with

a visicorder and amplifier to check the dynamic calibration of the
fatigue machine.

Dynamic creep tests which combined the effects of static stress
and alternating stress were conducted to permit the presentation of
Modified Goodman Diagrams.

4, Inert Gas Purity

Argon gas used for all tests requiring inert gas protection was certified
to the following analysis by the Air Reduction Company.

Oxygen 10 PPM Max.
Hydrogen 5 PPM Max.
Nitrogen 40 PPM Max.
Carbonaceous Gases 3 PPM Max.
Dew Point -80°F
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0.375-16NC

& Tim

60° + 0,50°

0.375-16NC
30° + 0,50°
syM| DIM. TOL
A | 3.25 MIN
B | 0.50 +0.25, -0
c | 0.12 + 0.02 0.007R (+0.0005)
p | 1.000 + 0,010
E |o0.38" + 0,03
F | 0.252 DIA + 0,001
¢ | 0.252 D1A + 0,001
H | 0.38 NOM T

NOTE - Finish specimen to\s/or better on all "F " surfaces.

NOTE - The difference between Dims, "F" & "G" shall not
exceed 0,001 inch.

NOTE -~ Taper gauge length "D" to center so that dia "G" at
ends of gauge length exceeds dia "G" at center of
gauge length by not less than 0,0005 inch nor more
than 0,001 inch.

Westinghouse Dwg, Ref, No. EDSK 29810

FIGURE III-1. Combination Bar Creep-Rupture Specimen
for High Strength Materials
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—0.252 (+0.001)

%-IGNC-ZA -ﬁ' R. Min.
8
T O
‘k G DI # Dia.
3¥lgle «i¥
3 r%

NOTE: Taper gauge length "G" to center so that the diameter

at the ends of the gauge length exceeds the diameter
at the center of the gauge length by not less than
0.0005 inch nor more than 0.001 inch.

Westinghouse Dwg. No. Ref. EDSK 319686

FIGURE III-2. Tensile-Creep Specimen for High Strength Materials
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0.007R.
(£0.00 (+0.0005)

3-16NC-2A

30° + 0.50%
60° + 0.50°

NOTE: The difference between the 0,252 inch (+0.001)
dimensions shall not exceed 0.001 inch.

NOTE: Taper gauge length "G" to center so that the diameter
at the ends of the gauge length exceeds the diameter

at the center of the gauge length by not less than
0.0005 inch nor more than 0.001 inch.

Westinghouse Drawing Ref. No. EDSK 319687

FIGURE III-3. Combination Bar Creep-Rupture Specimen
for High Strength Materials
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Westinghouse Dwg. No. EDSK 319688

FIGURE III-4. Tape Wound Toroid for Magnetic Tests
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Westinghouse Dwg, No, Ref, EDSK 319689

FIGURE III-5. Stacked Rowland Ring Sample for Magnetic
Testing of Laminated Material
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Diameters to be concentric 2 0.006
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4 0.012
5 0.014
6 0.025

Westinghouse Dwg, No, Ref. EDSK 319720

FIGURE II1I-6. Rowland Ring Lamination
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Westinghouse Dwg. No., EDSK 319734

FIGURE III-7. Solid Ring for Direct Current Magnetic Testing
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Westinghouse Dwg. Ref., No. EDSK 319805

FIGURE III-8. Tape Wound Toroid for Magnetic Testing
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0.250 (_p.000)

wjw

—» %—13 NC-2A

NOTE: Taper gauge length "G" to center so that the diameter
at the ends of the gauge length exceeds the diameter
at the center of the gauge length by not less than
0.0005 inch nor more than 0.002 inch.

Westinghouse Dwg, Ref, No. EDSK 319938

]

FIGURE III-9. Tensile-Creep Specimen for Investment Cast Materials
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Westinghouse Dwg. Ref, No. 627A074

FIGURE I11-10. Electrical Resistivity Specimen
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je— 1.50 —

& 2,50 —N

0.250 Dia. Hole

Westinghouse Dwg. Ref, No. 627A075

FIGURE III-11, Specific Heat Specimen
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2.5_- > 20 Thd.
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‘ 1
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Westinghouse Dwg., No. Ref, 627A076

FIGURE III-12. Tensile-Creep Specimen for Moderate Strength Materials
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Westinghouse Dwg. Ref, 6272077

FIGURE III-13. Creep Specimen for Moderate Strength Materials
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Dia.-2 Holes \
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——ppt—0 750
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Westinghouse Dwg. Ref., No. 627A078

FIGURE I11I-14. Poisson's Ratio Specimen
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0.75 | % ¥ G % Centers (Approx.)
| v AN
I 1.50 \/s\\ 3 bia. Hole (2)
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| v 3

a |
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ﬁ- 0.25 \ 0.50 R, Typ.

_,._E —> 0.653/ 0.655

S ~"—— Remove wire edges

o

Fe]

w0

6.50 ‘é—’—--—+— 0.650
|
¢— 0.653/ 0.655
0.25
I No undercut permitted
D
; 0.75 | ¥ ke

-” — 0.590 Center line of holes
to be on center line
1.18 of test section with-

in + 0,002 inch,

Westinghouse Dwg. Ref. No. 6272079

FIGURE III-15. Tensile-Creep Specimen for Sheet Materials
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Center line of holes —
to be on center line
of test section with-
in + 0:002 inch

—g-Dia. 2 Holes

3
Centers 1
Z(Approx.) 8 R. Typ.CNo under

cut permitted%'
¥\, * -

| \V T *@*‘_— 0.592118
*¥ | K[ Nk | ¥
l'?) 75"l O-ISO “—0.75—'l

j—1,38—P ——1 .38 —P»

4

¢ 5.00
j l
f 0.125*

Stock Thickness elded pads

must be same
thickness on
each side,

Westinghouse Dwg, Ref, No. 627A083

FIGURE III-16. Tensile-Creep Specimen, Sheet Materials for Transverse
Specimens Taken from Narrow Sheet
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0.178 Dia
0.17¢ .
+0,000 .
0.235 5001 Pia-
3 ‘ 031 +
Dia. 0.003R. Typ
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lf\
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8
1 0.063 + 1
I€~) 0.003R. Typ. r-Ig
1 —P 1.500 +0,005 — 1
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4 5 . —») 5 4
Te 5 16
a 2 - ¥

NOTE: Eccentricity on end centers must not exceed 0,0005 inch

Westinghouse Dwg., Ref, No, 627A084

FIGURE III-17. Vacuum Creep Specimen - All Bar Materials
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0.16 X 45° Cham,
4 Corners

0.500

g,

~ _v
4.50 > -'l 1 L

Laminations heliarc welded before grinding to finish
dimensions.

Westinghouse Dwg, Ref. No, 627A088

FIGURE III-18. Thermal Conductivity Specimen for Sheet Materials Only

111

e s s e =7 . e e ey g, (T A T e i e <A Sevmreate L TS m e e v ey i s v e S e s



| L
s

Laminations heliarc welded before grinding to finish dimensiong

Westinghouse Dwg, Ref, No, 627A089

FIGURE III-19. Specific Heat Specimen for Sheet Materials Only
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— 1 el
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60°+0.50°
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627A251

Westinghouse Dwg. Ref., No,

FIGURE I1I1-20, Combination Bar Creep-Rupture Specimen for
Moderate Strength Materials
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Westinghouse Dwg. Ref, No, 627A252

FIGURE III-21. Tensile-Creep Specimen for Low Strength Materials
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Westinghouse Dwg. Ref. No., 627A253

FIGURE I1I-22. Combination Bar Creep-Rupture Specimen

for Low Strength Materials
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Westinghouse Dwg. Ref. No. 627A254

FIGURE 1II-23. Electrical Resistivity Specimen for Sheet Only
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Lathe centers to be
in finished piece,.

(Note: Both ends symmetrical)
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+ 0.000
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0.437 13-999 pia.

— 0.16 + 0.001 Dia.

3
yy R. Typ.

— 30° + 0.50/

Westinghouse Dwg. Ref. No. 627A543

FIGURE III-24. Axial Fatigue Specimen - Smooth Bar
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West inghouse Dwg, Ref, No, 627A544

FIGURE III-25. Axial Fatigue Specimen - Notched Bar
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Finish surface
all over

Ends must be parallel within
L_ + 0.0001 inch and must be —
perpendicular to longitudinal
axis,

Westinghouse Dwg. Ref, No, 627A55S5

FIGURE I1I-26. Compressive Test Specimen for Bar Stock
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parallel within
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Westinghouse Dwg, Ref., No. _627A556

FIGURE III-27. Compressive Test Specimen for Sheet Materials
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'FIGURE I1I-28. Notched Creep Specimen for Sheet Materials
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FIGURE III-29. Cubex Specimen No. 2, Showing Orientation of Gages
With Reference to Cube Structure (Specimens Etched

With Diversey 914)
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FIGURE III-30. Cubex Specimen No. 1, Showing Orientation of Gages
With Reference to Cube Structure (Specimens Etched
With Diversey 914)
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SECTION IV

MAGNETIC MATERIALS PROPERTIES

This section presents the material properties. They are arranged as Thermo-
physical, Magnetic and Mechanical on Table IV-1 which is a master index of
all properties listed. Each material is headed by a Materials Properties Sum-
mary where a synopsis of important parameters is available. This is valuable
in screening and selecting those materials warranting further detailed analysis.
This summary is important because the data presented in tabular and graphlc
form on each material are quite extensive.

The curve and table numbering system used in presenting and categorizing
data is as follows:

V.4 [

—
Section A. Cubex Alloy I. Thermophysical Curve No. or
Properties Table No.
‘ within each of
B. Supermendur & II. Magnetic the three
Hiperco 50 Alloy Properties categories
C. Hiperco 27 Alloy III. Mechanical
Properties
D. Silicon-Iron
E. Maraging Steel
F. H-11 Steel

G. Nivco Alloy

No text is included in this Section so it can be used as a design manual. The
technical discussion on each material can be obtained in paragraph II.B.3()

where the same letter (substituting a, b, c, etc. within the brackets) corres-
ponding to the material letter given above can be consulted for specific com-

ments on the material.
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References are given on each curve or table crediting the source of data. Since
over 99 percent of the information was obtained on NAS 3-4162, it is referenced
as such. Other sources used are also credited.

In preparing for the experiments, an analysis was made of the tests to be con-
ducted. All equipment calibrations were checked to insure they were trace-
able to the Bureau of Standards or other accepted procedures. Test proce-
dures were evaluated so that systematic errors could be minimized., Test
points were selected to provide the best statistical inference. Since the broad
scope of the program required an exceedingly large number of tests, it was
not possible to minimize all the random errors. In general, sufficient rep-
lication was undertaken in those areas where additional confidence was needed.
It is expected that all systematic errors should fall within two percent of the
reported data. Additional controls instigated to insure useful data included:
Creep-Bank specimens, leak-rate tests, and vacuum-fusion analysis of selec-
ted specimens. These precautions are discussed in Section II1.

A least-squares, curve fit program for the IBM 7040 Computer was applied
to fatigue, tensile, electrical resistivity, thermal expansion and specific -heat
test data. In addition, the computer calculated polynomial equations from
first order to fifth order. The respective errors for each tabulated point was
calculated. From this information the equation which best fit the test data
was selected, that is, the equation of lowest order which would yield an error
of five percent or less.

The results of the analysis of the computer runs are as follows:

Fatigue Test

Out of 22 curves examined, four curves had over six percent error, with
the worst being 11 percent, most others were well under six percent
Most polynomial equations were of third order or less.

Tensile Test

Thirty-nine sets of test data were run, of these only two had an error of
approximately six percent, all others had errors of five percent of less,
with the bulk of the errors being effectively zero.

The most prevalent polynomial equahon selected to fit the data was of the
fourth order.
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Electrical Resistivity

The worst error in this case was seven percent for one case. All other
cases had errors of five percent or less.

Specific Heat

Only one case has been run to date with an error of 4.4 percent. This is
insufficient test data to make any general statement, but it is anticipated
that this will be fairly representative.

Thermal Expansion

All fits were within four percent.

Selected polynomial expressions are printed on their respective curves for
ease in using the data in computer programs or in rigorous hand calculations.
No attempt was made to fit the magnetic data as smooth curves were observed
in all the data analysis and polynomial expressions which can be derived do
not have as broad an area of application as the other properties.

Creep data have been presented in the Larson-Miller form to facilitate long-
term extrapolations. In most cases, a new Larson-Miller constant was found
which represents a better fit for the data than the commonly used value of 20.

Stability tests on magnetic properties are presented up to 1000 hours. Because
of the sensitivity of these tests, analytical extrapolations must be tempered
with a technical understanding of the material; therefore, one interpretation

of this property can be found in paragraph II. B. 1.
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TABLE IV-1. Index to Magnetic Materials Properties -
Tables and Curves - Listed by Page Number
Material Thermal
Properties | Composition, Material Specific | Conduc~ | Electrical
S ry Name and Form Heat tvity Resistivity | DC Magnetization | AC Magnettxzation Core Loas
131 3-1/4 8i-Fe 138 139 140
Cubex Alloy, 0.002 inch tape (SRA®) 143 152-155 141, 156-159
Cubex Alloy, 0.002inchtape (MFA**) 144 160-163 141, 164-167
Cubex Alloy, 0.006 inch tape (SRA*) 146-148 176-179 141, 180-183
184-187 188-191
192-196 197-201
Cubex Alloy, 0.006 inch tape (MFA*%) 148 168-171 141, 172-17%
Cubex Alloy, 0.008 inch sheet (SRA*) 149 202-20% 141, 206-209
Cubex Alloy, 0.011inch sheet (SRA*) 150 210-213 141, 214-217
229 48Co-48Fe-2V 229, 236 | 229, 232 229
Hiperco 30 Alloy, 0. 004 sheet (SRA®) 240 242-245 246-249
Hiperco 50 Alloy, 0, 008 sheet (SRA*) 241 250-253 254-257
232 48C0-40Fe-2V 236 232 237-238
Supermendur, 0.002inchtape (MFA**) 258-258 261-264 265-268
289-272 273-276
Supermendur, 0.006 inch sheet (MFA**) 260 277-280 281-284
293 27Co-Fe 293, 299 293
Hiperco 27 Alloy, 0. 004 inch sheet (SRA*) 305 314-317 318-321
Hiperco 27 Alloy, 0.008 inch sheet (SRA *) 302, 306-312 323-329 302, 331-338
Hiperco 27 Alloy, Forging (SRA*) 300-301 303
Hiperco 27 Alloy, Casting (SRA*} 304
379 181-Fe 379 380 380 380
AMS 5210, Casting (SRA*) 382 383-384
389 15N1 -8Co-5Mo-0, T0A1-0. TOTi-Fe 386
15% Nickel Maraging Steel Bar (SRA*) 397
15% Nickel Maraging Steel, 0.016 inch
lamimations (SRA®) 309 400 401
393 18N1-8Co-4Mo-0. 4Ti-Fe 393
18% Nickel Maraging Steel Bar (SRA*) 439 439 402
18% Nickel Maraging Steel, 0. 014 inch
laminations (SRA*) 403 404 405
427 5Cr-1Mo-0, 5V-Fe 427 427 427
AISI Grade H-11 43]
AMS 6487, Forging (SRA*)
AMS 6437, 0,014 inch sheet (SRA™) 433 435-436 437-438
AMS 6437, 0,025 inch sheet (SRA*) 434 439-440 441 -442
471 23Ni-2Ti-12r-Co-Fe 471 ‘
Nivco Alloy, Forging (SRA®) ATT 482 ‘
NivcoAlloy, 0.014 inch sheet (SRA*) 484 486 487
NivcoAlloy, 0. 025 inch sheet (SRA*) 478-481 485 488 489
*SRA - Stress Relie{ Annealed
**MFA - Magnetic Field Annealed

129

g - 2e ez

e = T e e Sty g i it






e b A . O
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MAGNETIC MATERIALS PROPERTIES SUMMARY

A. CUBEX ALLOY

A Westinghouse doubly grain oriented, 3-1/4 percent silicon iron alloy.

Availability: Limited quantities only, from the Westinghouse Electric

Corporation, Pittsburgh, Pa.

Nominal Composition: 3-1/4% Si-Fe

Tested Composition: Not analyzed for exact composition. When used

as a magnetic material it should be purchased to
a performance requirement rather than chemical
analysis.

I. Thermophysical Properties

A.

B
C.
D

Density 7.65 grams/cc
Solidus Temperature 2672°F

Curie Temperature 1400°F
Thermal Conductivity

1. At T2°F 17.05 %ujf:—_;i

2. At 500°F 17.05 %E__'hff{__;?

3. At 800°F 17.05 m

Coefficient of Thermal Expansion 72-1200°F 7.07in/in-°Fx10-6*

Specific Heat

1. At T2°F 0.109 Btu/1b-°F
2. At T00°F 0.115 Btu/1b-°F
3. At 900°F 0.136 Btu/1b-°F
4, At 1100°F 0.204 Btu/1b-°F

*U.S. Steel Product 1. Temperature value for 3-1/4 percent silicon-iron.
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Electrical Resistivity

Q1 W WD) =
- L] L ]

At TT°F 44,53 x 105 ohm-cm
At 511°F 57.98 x 10~6 ohm-cm
At 700°F 66.36 x 10-6 ohm-cm
At 900°F 79.66 x 10-6 ohm-cm
At 1100°F 89.94 x 10-6 ohm-cm

II. Magnetic Properties (All magnetic materials are stress relief annealed
(SRA) unless otherwise specified)

A.

D-~C Properties

0.002 inch thick tape-wound toroid (stress relief annealed)

a
b.
c.
d
0

pop

o

© ppop

© popop

proow

Induction (B\»_1 Yfor H = 250 oersteds at 72°F 20. 4 kilogauss
Induction (Bt1 ) for H = 250 oerstedsat 500°F 19,2 kilogauss
Induction (Bn for H = 250 oerstedsat 800°F  17. 6 kilogauss
Induction (Btlp; forH = 250 oerstedsat 1100°F 14. 9 kilogauss

. 002 inch thick tape-wound toroid (magnetic field annealed)

Induction (Btjp) for H = 250 oersteds at T2°F 20. 8 kilogauss
Induction (Bu ) for H = 250 oerstedsat 800°F 17.9 kilogauss
Induction (Btlp) for H = 250 oerstedsat 1100°F 14.9 kilogauss

.006 inch thick tape-wound toroid (stress relief annealed)

Induction (Btip) for H = 250 oersteds at 72°F  20.5 kilogauss
Induction (Bt1 ) for H = 250 oerstedsat 500°F 19.5 kilogauss
Induction (Bu )for H = 250 oersteds at 800°F 17.8 kilogauss
Induction (Btlp) forH = 250 oersteds at 1100°F 15. 0 kilogauss

. 006 inch thick tape-wound toroid (magnetic field annealed)

Induction (Btip) for H = 250 oersteds at 72°F 20. 6 kilogauss
Induction (Bt1 ) for H = 250 oersteds at 500°F 19.5 kilogauss
Induction (Bu ) for H = 250 oersteds at 800°F  17.6 kilogauss
Induction (Bup) for H = 250 oersteds at 1100°F 14. 5 kilogauss

- 006 inch thick laminations (stress relief annealed)

Induction (Btip) for H = 250 oersteds at 72°F 20. 3 kilogauss
Induction (Bn ) for H = 250 oerstedsat 500°F 19, 1 kilogauss
Induction (Bu ) for H = 250 oerstedsat 800°F  18.0 kilogauss
Induction (Btlp) for H = 250 oerstedsat 1100°F 15. 3 kilogauss
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6. 0.011 inch thick laminations (stress relief annealed)

Induction (Btip) for H = 250 oerstedsat 72°F 19.9 kilogauss
Induction (Btip) for H = 250 oerstedsat 500°F  19.1 kilogauss
Induction (Btip) for H = 250 oerstedsat T00°F  18. 3 kilogauss
. Induction (Btip)forH = 200 oerstedsat 1100°F 14. 3 kilogauss

B. A-C Magnetic Properties (400 cycle)
1. 0.002 inch thick tape-wound toroid (stress relief annealed)

a. Exciting volt-amperes, B = 15kilogaussat72°F 9.1 volt-
) amperes/
pound
b. Exciting volt-amperes, B = 15kilogaussat500°F 9.8 volt-
amperes/
: pound
c. Exciting volt-amperes, B = 15kilogaussat 800°F 14. 3 volt-
amperes/
pound
d. Exciting volt-amperes, B = 13kilogaussat 1100°F 22.1 volt-
amperes/
pound
e. Core loss, B = 15kilogauss at 72°F 6.8 watts/pound
f. Core loss, B = 15kilogauss at 500°F 5.6 watts/pound
g. Core loss, B = 15 kilogauss at 800°F 4.4 watts/pound
h. Core loss, B = 13 kilogauss at 1100°F 2.8 watts/pound

2. 0.002 inch thick tape -wound toroid (magnetic field annealed)

a. Exciting volt-amperes, B =15 liilogauss at72°F 7.3 volt-
amperes/

pound
b. Exciting volt-amperes, B = 15kilogaussat 800°F 17.8 volt-
amperes/
pound
c. Excitingvolt-amperes, B = 13kilogaussat1100°F 19.5 volt-
amperes/
- pound
d. Core loss, B = 15 kilogauss at 72°F 6.1 watts/pound
Core loss, B = 15 kilogauss at 800°F 4.7 watts/pound
Core loss, B =13 kilogauss at 1100°F 2.9 watts/pound

0
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0.006 inch thick tape-wound toroid (stress relief annealed)

a.

Exciting volt-amperes, B = 15kilogaussat 72°F 18.5 volt-
amperes,/
pound

Exciting volt-amperes, B = 15 kilogauss at 800°F 55. 8 volt-
amperes/
pound

Exciting volt-amperes, B = 13kilogauss at 1100°F 45. 8 volt-
amperes/
pound

Coreloss, B = 15 kilogauss at 72°F 9.5 watts/pound

Coreloss, B = 15 kilogauss at 800°F 7.0 watts/pound

Coreloss, B = 13 kilogauss at 1100°F 3.9 watts/pound

0.006 inch thick tape-wound toroid (magnetic field annealed)

a'

b.

o

Exciting volt-amperes, B = 15kilogaussat72°F 19. 3 volt-
amperes/
pound

Exciting volt-amperes, B = 15kilogaussat 800°F 69. 8 volt-
amperes/
pound

Exciting volt-amperes, B = 13 kilogaussat 1100°F 58. 4 volt-

amperes/

pound
Core loss, B = 15 kilogauss at 72°F 10. 2 watts/pound
Core loss, B = 15 kilogauss at 800°F 7.0 watts/pound
Core loss, B = 13 kilogauss at 1100°F 3.8 watts/pound

0.006 inch thick laminations (stress relief annealed)

a.

b.

Exciting volt-amperes, B = 15 kilogaussat72°F 46.5 volt-
o amperes/
pound
Exciting volt-amperes, B = 15kilogaussat 800°F 133 volt
: amperes/
pound
Exciting volt-amperes, B = 13kilogaussat 1100°F 75 volt-
amperes/
: pound
Core loss, B = 15 kilogauss at 72°F 11.5 watts/pound
Core loss, B = 15 kilogauss at 800°F 7.8 watts/pound
Core loss, B = 13 kilogauss at 1100°F 4.2 watts/pound
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6.

0.011 inch thick laminations (stress relief annealed)

a. Excitingvolt-amperes, B = 15kilogaussat72°F 46 volt-
amperes/
pound

b. Exciting volt-amperes, B = 15kilogaussat800°F 120 volt-
amperes/
pound

c. Exciting volt-amperes, B = 14kilogaussat 1100°F 250 volt-
amperes/
pound

d. Core loss, B = 15 kilogauss at 72°F 13. 0 watts/pound

e. Core loss, B =15 kilogauss at 800°F 9.8 watts/pound
f. Core loss, B =15 kilogauss at 1100°F 7.0 watts/pounds

C. Constant Current Flux Reset Properties (CCFR) 0.002 inch thick
Tape-Wound Toroid (MFA)

1.

At T2°F

a. By, at 10 oersteds = 19. 20 kilogauss (SAT/2)

By - Br= 1. 10 kilogauss

Hj = 0.42 oersteds (AT)
Hg = 0.49 oersteds (AT + DAT)
HQ = 0. 45 oersteds (AT + %DAT)

pao

At 500°F

Bpm at 10 oersteds = 18.25 kilogauss (SAT/2)
Bm - Br = 2.0 kilogauss

Hj = 0.28 oersteds (AT)

Hg = 0. 34 oersteds (AT + ?AT)

Hg = 0. 31 oersteds (AT + 3 DAT)

oo TP

At 1100°F

By, at 10 oersteds = 13. 85 kilogauss (SAT/2)
Bm - Br = 4.2 kilogauss

Hi = 0. 12 oersteds (AT)

Hg = 0. 165 oersteds (AT + DAT)

Hq = 0. 14 oersteds (AT + %.DAT)

pRooP
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III. Mechanical Properties

A. Poisson'sRatioat72°F (Average of 6 variable readings)

B. Tensile and Compressive Properties

1. At 72°F
a. 0.02percentoffsetyield strength
b. Tensile strength
c. Elongation in two inches
d. Modulus of Elasticity
e. Compressive yield strength
2. At 500°F _
a. 0.02percentoffset yield strength
b. Tensile strength
- ¢. [Elongation in two inches
-d. Modulus of elasticity
e. Compressive yield strength
3. At 800°F
a. 0.02percentoffset yield strength
b. Tensile strength
c. Elongation in two inches
d. Modulus of elasticity
e. Compressive yield strength

4. At 1100°F

a.

*Upper Yield Point

0. 02 percent offset yield strength
Tensile strength

Elongation in two inches
Modulus of elasticity
Compressive yield strength

(0. 02 percent offset)

136

Longitu-
dinal

37, 150 psi
40, 200 psi
22,0 percent
22x106 psi
37,120 psi

27, 300 psi
40, 800 psi
21.0 percent
13.5x 106 psi
32,950 psi

25, 300 psi
32, 250 psi
11.9 percent
9x 109 psi
29, 200 psi

14,750 psi
16, 650 psi

26.0 percent _

6 x 106 psi
11, 100 psi

0.335

Trans-
verse

39, 050 psi*
46, 400 psi
14.5percent

40, 600 psi

29, 800 psi
41, 200 psi
38.0percent

30, 800 psi

25, 200 psi
34, 350 psi
10. Opercent

27,500 psi

12,900 psi*
13, 350 psi
11.5percent

11, 325 psi



Creep: Material not used in highly stressed applications.
Fatigue: Material not used in cyclic stressed applications.
Normal Stress Relief Heat Treatment:

Heat to 800°C + 10°C in an atmosphere of purified dry hydrogen,
hold two hours at temperature, furnace cool to below 150°C.
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Speqiﬁc Heat - Cubex
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TEMPERATURE (°F)
200 400 600 800 1000 1200

90 T $ + 7 $ 1 a5

80 1

-3
o
\\

RESISTIVITY (OHM-CM x 10-6)
[ep]
o
(0]
~N
2
N
(4]
RESISTIVITY (OHM-IN x 10-6)

/ © Heating
/@ 8 Cooling

50 o

o) / Sample Size: 10.690 inches x
/ 0.245 inches x
& 0.006 inch

40

0 100 200 300 400 500 600
TEMPERATURE (°C)

FIGURE IV.A.I-3. Electrical Resistivity of Cubex Alloy 0. 006 Inch Sheet.
SRA Condition, Tested in Vacuum 1 x 10-4 torr.
(Reference: Westinghouse Research Laboratories Test Data)

Figure IV.A.1-3. Resistivity - Cubex
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Figure IV, A. II-1.
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Figure IV, A. II-2. D-C Magnetization - Cubex
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Figure IV. A. II-4. D-C Magnetization - Cubex
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Figure IV, A. II-5. D-C Magnetization - Cubex
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Figure IV. A. II-6. D-C Magnetization - Cubex
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Figure IV, A. II-7. D-C Magnetization - Cubex
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Figure IV. A.II-8. D-C Magnetization - Cubex
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Figure I V. A. II-9. D-C Magnetization - Cubex




(zHONI/SANITOTIDI) NOLLDNANI

wnuiuny  ‘uoTyeInsuj IBUTWeLIau] °J,00¢ 9A0qe Uo3ay ‘J4,00€
0} I1y :ateydsouny s8], ‘youj g/ X p X g/1-¢ prodo], ade, youg

(2919~ SVN :9oualajay) ‘sjeydsoydoyjro

€000 4011V xaqn) 'SdD 00% ‘Punod Jad saladwy-3J0A Sunoxy 01-11'V Al 44NDI1d
aNNOd ¥dd STHAJNYV -LTOA

001 o1 0°1
— I
il
OL1=| 4-0011 souy Ly /
“30000 11/
| o0t 0 7 \ \ / m
LY Tenwy x . /] A .-
084 p 3
= g
\ 2
06 /| Em
/ &
A \Z]
8 \\
001
91

Figure IV, A, 1I-10. Exciting VA, 400 CPS. Cubex
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Exciting VA, 800 CPS. Cubex

Figure IV, A, II-11.
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Figure IV, A I1I-12. Exciting VA, 1600 CPS. Cubex
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Figure I V. A. II-13. Exciting VA, 3200 CPS. Cubex
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Figure IV, A. I1I-14. Core Loss, 400 CPS. Cubex
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Figure IV, A.I11-15. Core Loss, 800 CPS. Cubex
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Figure I'V. A. II-16. Core Loss, 1600 CPS, Cubex
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Figure IV, A I1I-17. Core Loss, 3200 CPS. Cubex
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Figure IV. A . II-18. Exciting VA, 400 CPS. Cubex
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Figure IV, A, II-19. Exciting VA, 800 CPS. Cubex
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Exciting VA, 1600 CPS. Cubex

Figure IV, A. I11-20.
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Exciting VA, 3200 CPS. Cubex

Figure IV, A, II-21.
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Figure IV, A, I1-22. Core Loss, 400 CPS. Cubex
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Core lLoss, 800 CPS.

Figure IV, A. I11-23.
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Core Loss, 1600 CPS, Cubex

Figure IV. A, 11-24.
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Core Loss, 3200 CPS., Cubex
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Figure IV. A. 1I-25.
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Figure IV, A.I1-26. Exciting VA, 400 CPS. Cubex
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Figure IV, A. II-27. Exciting VA, 800 CPS,
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Exciting VA, 1600 CPS. Cubex
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Figure IV, A, 11-28.
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Figure IV, A, I11-29. Exciting VA, 3200 CPS. Cubex
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Core Loss, 400 CPS., Cubex

Figure IV, A. II-30.
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Figure IV. A. II-31.
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Figure IV. A. II-32. Core Loss, 1600 CPS. Cubex
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Figure 1V, A. II-33. Core Loss, 3200 CPS. Cubex
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Exciting VA, 400 CPS. Cubex

Figure IV. A. 11I-34.
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Figure IV, A. I1-35. Exciting VA, 800 CPS. Cubex
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Figure IV, A, I11I-36. Exciting VA, 1600 CPS. Cubex
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Figure IV. A. II-37. Exciting VA, 3200 CPS. Cubex
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Core Loss, 400 CPS. Cubex

Figure IV, A II-38.
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Figure IV. A.11-39. Core Loss, 800 CPS. Cubex
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Figure IV, A, II-40. Core Loss, 1600 CPS., Cubex
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Core Loss, 3200 CPS. Cubex

Figure IV, A. I1-41.
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Exciting VA, 400 CPS. Cubex

Figure IV, A. I1-42,
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Figure IV. A. I1-43. Exciting VA, 800 CPS. Cubex
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Figure IV. A. II-44. Exciting VA, 1600 CPS, Cubex
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Exciting VA, 3200 CPS. Cubex

Figure 1V, A. 11-45.
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Figure IV, A 11-46. Core Loss, 400 CPS. Cubex
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Figure IV. A. II-47. Core Loss, 800 CPS. Cubex
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Figure IV. A. I1I-48. Core Loss, 1600 CPS, Cubex
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Figure IV, A. II-49. Core Loss, 3200 CPS. Cubex
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Figure IV, A.II-50. Exciting VA, 400 CPS. Cubex
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Exciting VA, 400 CPS. Cubex

Figure IV, A. I1I-51.
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Figure IV, A, II-52. Exciting VA, 800 CPS,
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Exciting VA, 1600 CPS. Cubex

Figure IV. A. II-53.
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Exciting VA, 3200 CPS. Cubex

Figure IV, A, I1-54.
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Core Loss, 400 CPS. Cubex

Figure IV, A, II-55.
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Figure IV. A.II-57. Core Loss, 800 CPS, Cubex
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Figure IV, A. 1I-58. Core Loss, 1600 CPS. Cubex
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Figure IV, A. I[I-59. Core Loss, 3200 CPS. Cubex

201



(zHONI/SENTIOTEA) NOILONANI

(Z9T7-ESYN :9duaxajoy) ‘-areydsoydoyirQ umug
-umyy BOfN -UOTJeMSU] Jeufwe[IdW] ‘4,005 dA0qe uosday
‘1,00¢ 03 IV :aaaydsowrjy 3se], ‘suoryeurwre] youl 900 ‘0
£o[Tv xaqn) °‘SdD 00F ‘punod aod saradwy-j[0A Supdoxd *09-11°V 'AI FUNDIA

aNNOd H3dd SHUHAJINV-LTOA

0001 001 01 . 0°T1
Iun_—o%oﬁ_ﬁ hﬁﬂd«—.—.ﬁ.—_v \\ \ \ \ Q.H
OL T m..mmm \ / \\%\ 11
S0 2 A/l
&\\ JNI.LK\4 cl
08 1 /L /]
NIA YV A/ .
VAV
06 + - 17— \»\ [4!
NN L/
8%
VAl & :
001
o1

202

(SsnVHOTIDI) NOLLONANI
Figure IV. A, 1I-60. Exciting VA, 400 CPS. Cubex
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Exciting VA, 800 CPS. Cubex

Figure IV, A. I1-61.
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Figure 1V, A, II-62. Exciting VA, 1600 CPS, Cubex
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Figure IV, A. II-63. Exciting VA, 3200 CPS. Cubex
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Core Loss, 400 CPS, Cubex

Figure IV, A, I11-64,
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Core Loss, 800 CPS. Cubex

Figure I V. A. I1-65.
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Figure I1V. A. I1-66. Core Loss, 1600 CPS, Cubex
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Figure IV. A. II-67. Core Leoss, 3200 CPS, Cubex
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Figure IV, A, II-72.
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Figure IV, A.II-73. Core Loss, 800 CPS. Cubex
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TABLE IV, A I1I-1,

at Room Temperature

Poisson's Ratio of 0. 011 Inch Thick Cubex Alloy

Both Gages Both Gages
Specimen on Across Grain
No. One Grain Boundary Maximum* Minimum*
1 0. 325 0.362 0.419 0.325
2 0.310 0.345 0.433 0.303

*These values were calculated without regard to the location of the
strain gages. (Reference: NAS3-4162)
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TABLE IV, A, TII-3. Compression Data for 0.011 Inch Thick Cubex Sheet

TEST: ASTM E-9

Test 0.02 Percent { 0.2 Percent
Temper- | Offset Yield | Offset Yield | Yield
Specimen ature Strength Strength Point
No. (°F) (Psi) (Psi) (Psi)
Longitudinal
Specimens
1 RT 29, 600 36, 000 -
2 RT 30, 400 38, 250 -
3 500 25, 000 31, 350 -
4 500 21,450 34,550 -
5 800 27,550 31,550 -
6 800 21,100 26,900 -
7 1100 13,600 - 13, 800
8 1100 8,600 - 9,400
9 1400 2,700 3,700 -
Transverse
Specimens
1 RT 33,450 37,900 -
2 RT 37,100 43,200 -
3 500 28,700 34, 200 -
4 500 24, 300 27, 350 -
5 800 20, 700 25,400 -
6 800 25, 750 29,600 -
7 1100 9,200 10,500 -
8 1100 13,450 - 13,500
9 1400 3,300 3,450 -
10 1400 3, 800 4,400 -
NOTE: All tests made in air. (Reference NAS 3-4162)
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MAGNETIC MATERIALS PROPERTY SUMMARY

B. HIPERCO 50 ALLOY

A high permeability Co-Fe-V alloy.

Availability: Commercial
Nominal Composition: 49 Co, 49 Fe, 2V
Tested Composition: Co Fe \2 C S

P

4.8 49.6 1.91 0.003 0,007 <O0.002

I. Thermophysical Properties

The thermophysical properties are the same as Supermendur except

for electrical resistivity, which equals 35-40 x 10-6 ohm-cm.

II. Magnetic Properties (All magnetic materials are stress relief annealed

(SRA) unless otherwise specified)
A. D-C Magnetic Properties
1. 0.004 inch thick laminations

a Inductlon (Btjp) for H = 300 oerstedsat 72°F
b. Induction (Bt1 ) for H = 300 oersteds at 500°F
c. Induction (Bu ) for H = 300 oersteds at 800°F
d. Induction (Btlp) for H = 300 oersteds at 1100°F
0

. 008 inch thick laminations

Induction (Bt1 ) for H = 300 oersteds at 72°F
Induction (Bu ) for H = 300 oersteds at 500°F
Induction (Btl )for H = 300 oersteds at 800°F

. Induction (Bnp) for H = 300 oersteds at 1100°F

poop

B. A-C Magnetic Properties (400 cps)

1. 0.004 inch thick laminations

229
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23

23.
22.
22.
20.

. 1 kilogauss
.4 kilogauss
21.
21.

9 kilogauss
5 kilogauss

5 kilogauss
T kilogauss
4 kilogauss
8 kilogauss



I1I.

C.

a. Exciting volt-amperes, B = 18kilogaussat72°F 55.4 volt-

amperes/
pound

b. Exciting volt-amperes, B = 18kilogaussat 500°F 60.6 volt-
amperes/
pound

c. Exciting volt-amperes, B = 18kilogaussat 800°F 74.7 volt-
amperes/
pound

d. Exciting volt-amperes, B = 18kilogaussat 1100°F 78. 0 volt-
amperes/

‘ pound

e. Core loss, B = 18 kilogauss at 72°F 11.5 watts/pound

f. Core loss, B = 18 kilogauss at 500°F  10.4 watts/pound

g. Core loss, B = 18 kilogauss at 800°F 8.9 watts/pound

h. Core loss, B = 18 kilogauss at 1100°F 6.5 watts/pound

2. 0.008 inch thick laminations

a. Exciting volt-amperes, B = 18 kilogaussat 72°F 472 volt-
amperes/
pound

b. Exciting volt-amperes, B = 18kilogaussat 500°F 498 volt-
amperes/
pound

c. Exciting volt-amperes, B = 18kilogaussat 800°F 524 volt-
amperes/
pound

d. Excitingvolt-amperes, B = 18kilogaussat 1100°F 492 volt-

amperes/
pound

Core loss B = 18 kilogauss at 72°F 37.8 watts/pound

Core loss B = 18 kilogauss at 500°F  37.0 watts/pound

Core loss B = 18 kilogauss at 800°F 35.1 watts/pound

Core loss B = 18 kilogauss at 1100°F  32. 4 watts/pound

TR

Constant Current Flux Reset Properties (CCFR): Not applicable to
Hiperco 50; only measured on materials used in magnetic amplifiers.

Mechanical Properties (0.008 inch thick sheet)

A.

Tensile Properties
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1. At T72°F Longitu- Trans-

dinal verse
a. 0.20 percent offset yield strength 41,650 psi -
b. Tensile Strength 41, 650 psi 37,700 psi
c. Elongation in two inches 0.5 percent -
d. Modulus of elasticity 28.9x106psi  38.0x105
psi
2. At 500°F
a. 0.20percentoffset yield strength 37,950 psi 38,950psi
b. Tensile Strength 71, 250 psi 55, 250 psi
c. Elongation in two inches 5.5 percent 1.5percent
d. Modulus of elasticity 27.1x100psi  33.2x108
psi
3. At 800°F
a. 0,20percentoffsetyield strength 36,750psi 38, 050 psi
b. Tensile Strength 67, 900 psi 60, 150 psi
~c. Elongation in two inches 7.0percent 4,.9percent
d. Modulus of elasticity 27.0x 105 psi 29.7x 106
psi

4, At 1100°F

a. 0.20percentoffsetyield strength 33,750 psi 34,700 psi

b. Tensile Strength 62, 600 psi 55, 250 psi

c. Elongation in two inches 6.0percent 12.0percent

d. Modulus of Elasticity 20.0x106psi  28.9x106
psi

Creep: Material is not used in highly stressed applications.

Fatigue: Material is not used in cyclic stressed applications where
a fatigue failure could occur.

Normal Heat Treatment
Heat to 1400° + 20°F in pure dry hydrogen. Hold at temperature for

1 to 4 hours, depending on furnace load, and fast cool in the hydro-
gen atmosphere to below 400°F.
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MAGNETIC MATERIALS PROPERTIES SUMMARY

B. (Cont.) SUPERMENDUR

A high purity high permeability Co-Fe-V alloy which responds to a field anneal.

Availability: Commercial
Nominal Composition: 49 Co, 49 Fe, 2V
Tested Composition: Co Fe \'A

49.5 49.5 1.0

I. Thermophysical Properties

A. Density 0.295 1b/in3  8.20 grams/cc
B Solidus temperature 2700°F
C.  Curie temperature 1724°F
D Thermal Conductivity
Btu-ft
1. At 185°F 17.2
ft2 -hr-°F
Btu-ft
2. At 500°F 21.7
ft2 <hr-°F
E. Coefficient of thermal expansion 72°-500°F 5.28 x 106 in/in-°F

F. Specific heat

1. At T2°F 0. 098 Btu/1b-°F
2, At 500°F 0. 098 Btu/1b-°F
3. At 800°F 0. 103 Btu/1b-°F

G. Electrical Resistivity

1. At 72°F 45.73x10-6 ohm-cm
2. At 500°F 50.75x% 10-6 ohm-cm
3. At 800°F 57.25x 10-6 ohm-cm
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II.

Magnetic Properties (All Supermendur materials were received from

Arnold Engineering in the fully processed condition)

Al

BO

D-C Properties

1. 0.002 inch thick tape-wound toroid

a. Induction(By

2. 0.006 inch thick laminations

a. Induction (Btp ) for H = 250 oersteds at 72°F

b. Induction (Bup) for H = 250 oersteds at 300°F
c. Induction (Btip)for H = 250 oersteds at 500°F
d. Induction (thp) for H = 250 oersteds at 800°F

A -C Magnetic Properties (400 cps)

1. 0.002 inch tape-wound toroid

)for H = 300 oersteds at 72°F -
b. Induction (Btip)for H = 300 oersteds at 300°F
c. Induction (Bup) for H = 300 oersteds at 500°F
d. Induction (Btlp) for H = 300 oersteds at 800°F

24. 1kilogauss
22.Tkilogauss
24.0kilogauss
23.3kilogauss

24. 1kilogauss
24, 1kilogauss
23. Tkilogauss
23. 0kilogauss

a. Exciting volt-amperes, B = 18kilogaussat72°F 8.2 volt-

amperes/
pound

b. Exciting volt-amperes, B= 18kilogaussat300°F 6.8 volt-

amperes/
pound

c. Exciting volt-amperes, B = 18kilogaussat 500°F 7.5 volt-

amperes/
pound

d. Exciting volt-amperes, B = 18kilogaussat800°F 24.8 volt-

-e. Core loss,
f. Core loss,
g. Core loss,
h. Core loss,

www
huwu

2. 0.006 inch thick laminations

18 kilogauss at 72°F

18 kilogauss at 300°F
18 kilogauss at 500°F
18 kilogauss at 800°F

amperes/
pound
7.0 watts/pound
6.2 watts/pound
7.0 watts/pound
10. 8 watts/pound

a. Exciting volt-amperes, B = 18kilogaussat72°F 15.0 volt-
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e-
f.
g.
h.

i

Exciting volt-amperes, B = 18kilogaussat 300°F 22. 1 volt-

amperes/
pound
Exciting volt-amperes, B = 18kilogaussat 500°F 23.5 volt-
amperes,/
pound
Exciting volt-amperes, B = 18 kilogaussat 800°F 31.1 volt-
amperes/
pound
Core loss, B = 18 kilogauss at 72°F 10. 0 watts/pound
Core loss, B = 18 kilogauss at 300°F  10.6 watts/pound
Core loss, B = 18 kilogauss at 500°F  10.6 watts/pound
Core loss, B = 18 kilogauss at 800°F 9.7 watts/pound

Constant current flux reset properties (CCFR) 0. 002 inch thich
tape-wound toroid. .

1.

At 72°F

pRoow

B at 5 oersteds = 23. 15 kilogauss (SAT/2)
By, - By = 3. 20 kilogauss

H1=0.57 oersteds (AT)

H2 = 0.65 oersteds (AT + ?AT)

Hg = 0.61 oersteds (AT + 5 DAT)

At 500°F

eppop

Bny, at 5 oersteds = 24. 70 kilogauss (SAT/2)
Bpy - By = 1.65 kilogauss

Hj = 0.55 oersteds (AT)

H2 = 0.63 oersteds (AT + DAT)

Hg = 0.60 oersteds (AT + %DAT)

At 1100°F

a.
b.
c.
d.
e.

Bm at 5 oersteds = 21. 95 kilogauss (SAT/2)
Bm -Br = 2.50 kilogauss

Hj = 0.45 oersteds (AT)

Hg = 0.55 oersteds (AT + DiAT)
Hgp = 0.515 oersteds (AT + 3 DAT)
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III. Mechanical Properties (0.006 inch thick sheet)

A. Tensile Properties
1. At 72°F
a. Yield point 38, 500 psi
b. Tensile strength 43, 300 psi
c. Elongation in two inches 2.1 percent
d. Modulus of elasticity 34.7x 106 psi
2. At 500°F
a. 0.20 percent offset yield strength 32,800 psi
b. Tensile strength 99, 450 psi
c. Elongation in two inches 9.8 percent
d. Modulus of elasticity 32.8x106 psi
3. At 800°F
a. 0.20 percent offset yield strength 33, 250 psi
b. Tensile strength 96, 250 psi
c. Elongation in two inches 10.9 percent
d. Modulus of elasticity 29.8x 106 psi
4. At 1100°F
a. 0.20 percent offset yield strength 31, 150 psi
b. Tensile strength 55, 100 psi
c. Elongation in two inches 11.5 percent
d. Modulus of elasticity 28.5x 109 psi
B. Creep: Material not used in highly stressed applications.

e e e v At M ek R i iai e

C. Fatigue: Material is not used in cyclic stressed applications, or
where fatigue failure could occur.

D. Normal Heat Treatment:
This alloy is heat treated in dry hydrogen under the influence of a
magnetic field. This process was performed by supplier and spe-

cific details are not available. The material should be purchased to
a performance requirement.
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TEMPERATURE (°F)
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For 0= T = 400°C, Cy = 0.098 (Cal/Gm-°C)

[~ For 400 = T = 600°C, Cy = 0.4753 x 10-7T3-0.6616 x 10~412

0.26 +0.03074T - 4.6574 (Cal/Gm-°C)
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FIGURE IV, B.I-1. Specific Heat, Supermendur Rolling Stock in Vacuum
( 10"5’ torr) (Reference: NAS 3-4162)

Figure IV.B.I-1. Specific Heat - Supermendur
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TABLE IV.B.I-1.

Electrical Resistivity of Supermendur (Field-Annealed)

2 Mil Ribbon in Vacuum (10-5

Test: ASTM A344

Torr)

Width - 0. 250 inches
Thickness - 0.002 inches

Continuous Heating

Length - Specimen No. 1 - 12.96 inches
Specimen No. 2 - 11.39 inches

Specimen 1
Temp.
(°F)

79
200
300
400
500
600
710
810
907

1000
1100
950
750
550
350
150

Specimen 2 Specimen 1 Specimen 2
Temp. Resistivity Resistivity
(°F) (Microhm-Cm) (Microhm-Cm)

71 45,79 46.818
200 46.46 47.59
300 47,28 48.63
400 48.44 49,95
500 50.01 51.49
600 51.94 53.30
703 54. 34 55.44
803 56. 80 58.03
900 59.39 60.77

1000 62,09 63.63
1100 65.56 67.08
946 61.05 62. 22
746 55.61 56.81
550 51.40 52.43
350 48, 32 49,31
150 46,18 47.16

(Reference: NAS 3-4162)
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RESISTIVITY (OHM-CM x 10-6)

50

45

40
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— For 79 = T = 1100°F, @(T) =0.1951 x 10-1T + 41,738 (Ohm-Cm x 10-6) —
Specimen No. 1 -+ 30
&
=
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o
e
e
' 2
s 2
/) 7
-+ 20 ¢
’ i'y
. ?,//b/
o{—% é O Heating
a Cooling
L 15
0 200 400 600 800 1000 1200

TEMPERATURE (°F)

FIGURE 1V, B.I-2, Electrical Resistivity of Supermendur 2 Mil Ribbon

in Vacuum (10-° torr). See Data Table IV. B,I-1
(Reference: NAS 3-4162)

Figure IV.B.I-2, Resistivity - Supermendur
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Figure IV, B.II-1. D-C Magnetization - Hiperco 50
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Figure IV, B.1I-2. D-C Magnetization - Hiperco 50
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Exciting VA, 400 CPS. Hiperco 50

rigure IV, B.11-3.
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Exciting VA, 800 CPS. Hiperco 50

Figure IV.B.II-4.
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Figure IV.B.II-5. Exciting VA, 1600 CPS, Hiperco 50
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Figure IV.B.1I-6. Exciting VA, 3200 CPS. Hiperco 50
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Figure IV.B.II-7, Core Loss, 400 CPS. Hiperco 50
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Figure IV.B.II-8, Core Loss, 800 CPS. Hiperco 50
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Figure IV.B.II-9. Core Loss, 1600 CPS. Hiperco 50
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Figure IV, B.1I-10. Core Loss, 3200 CPS. Hiperco 50
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Figure IV.B.II-12. Exciting VA, 800 CPS. Hiperco 50
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Figure IV.B.II-13.
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FIGURE IV.B.II-14, Exciting VA, 3200 CPS. Hiperco 50
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Figure IV.B.II-15. Core Loss, 400 CPS. Hiperco 50
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Figure IV.B.II-16. Core Loss, 800 CPS. Hiperco 50
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Figure IV.B.I1I-17. Core Loss, 1600 CPS. Hiperco 50
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Figure IV.B.I1-18. Core Loss, 3200 CPS. Hiperco 50
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Figure IV.B.II-19. D-C Magnetization - Supermendur
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Figure IV. B.1I-20. D-C Magnetization - Supermendur
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Figure IV, B.II-21. D-C Magnetization - Supermendur
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Exciting VA, 800 CPS.

Figure IV. B.II-23.

262



(zHONI/SENITOIL) NOLLONGNI

(Z9T¥- € SYN :90uax9jay) ‘9p™O wnisaudeW :UOTIRINSU] JBUTWEBIdU]
‘uo8ay :axsydsounyy 389 ‘Youl g/T Xy X g/1-¢€ proxo], adeJ, your
200 ‘0 Inpuowiradng *SdD 0091 ‘punog Jad saredwy-3}OA SunNTOXE pg-11°€ Al HUADI

aNNOd ¥3d SHHIdNV-L10A
00t , 01 I

ov t \ \ 9

d.008w ... ———f - \ \\

1y dw_mmm_ M N N \
Il

of 1]
i ;

—

—

—
(SSNVHOICI) NOLLONANI

~
~
\‘1

263

Figure 1V.B.II-24. Exciting VA, 1600 CPS. Supermendur
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Figure IV. B.II-25. Exciting VA, 3200 CPS. Supermendur
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Figure IV.B.II-26. Core Loss, 400 CPS. Supermendur
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Figure IV. B.1I-27. Core Loss, 800 CPS. Supermendur
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Figure IV.B.II-28, Core Loss, 1600 CPS. Supermendur
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Figure IV.B.I1I-29, Core Loss, 3200 CPS. Supermendur
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Figure IV.B.II-30, Exciting VA, 400 CPS. Supermendur
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Figure IV.B.II-31, Exciting VA, 800 CPS. Supermendur
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Figure IV.B.II-32. Exciting VA, 1600 CPS. Supermendur
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Figure IV, B.11-33. Exciting VA, 3200 CPS. Supermendur
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Figure IV.B.I1-34. Core Loss, 400 CPS. Supermendur
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Figure IV.B.I1I-35. Core Loss, 800 CPS. Supermendur
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Figure 1V, B.II-36. Core Loss, 1600 CPS. Supermendur
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Figure IV, B.1I1-37. Core Loss, 3200 CPS. Supermendur
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Figure IV.B.II-38. Exciting VA, 400 CPS. Supermendur
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Exciting VA, 800 CPS. Supermendur

Figure IV.B.1I-39,
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Figure IV.B.II-40. Exciting VA, 1600 CPS. Supermendur
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Exciting VA, 3200 CPS. Supermendur

Figure IV, B.I1I-41,
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Figure IV.B.II-42, Core Loss, 400 CPS. Supermendur
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Figure IV, B.II-43. Core Loss, 800 CPS. Supermendur
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Figure IV,B,1I-44. Core Loss, 1600 CPS. Supermendur
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Figure IV.B.II-45. Core Loss, 3200 CPS. Supermendur
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MAGNETIC MATERIALS PROPERTIES SUMMARY

C. HIPERCO 27 ALLOY
(Sheet, Bar, Forgings, and Castings)

A high permeability soft magnetic alloy manufactured only by the Westinghouse
Electric Corporation, Blairsville, Pennsylvania.

Availability: Commercial, Single Source
Nominal Composition: 27 percent Cobalt-Iron
Tested Composition: Ni S Mn C Co P Cr Fe

Bar 0.15 0.011 0.28 0.009 27.6 0.006 0.41 Bal
Sheet 0.14 0.016 0.39 0.02 26.8 0.009 0.69 Bal

L Thermophysical Properties
A.  Density 0.285 lb/ind  7.95 grams/cc
B Solidus Temperature 2732°F
C. Curie Temperature 1697°F
D Thermal Conductivity
1. At72°F 31.7 Btu-ft/ft2-hr-°F*
2. At 1100°F 25, 2 Btu-ft/ft2-hr-°F*

E. Coefficient of Thermal Expansion 72° - 1100°F

1.  72°800°F 5.96x10~ 8 in/in-°F*
2.  T72°-1100°F 6. 14x10-6in/in-°F*
F. Specific Heat Vacuum Melted Forging Investment Casting
1. At 72°F 0. 067 Btu/1b-°F 0. 102 Btu/1b-°F
2. At 700°F 0. 105 Btu/Ib-°F 0. 103 Btu/1b-°F
3. At 900°F 0.112 Btu-1b-°F 0. 130 Btu/1lb-°F
4, . At 1100°F 0.119 Btu/1b-°F --

*Westinghouse Electric Corp. Materials Manufacturing Dept. Product Literature
Hiperco 27
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G. Electrical Resistivity Vacuum Melted Forging

1. At 72°F 17.50 x 10-6 ohm-cm
2. At 900°F 39.56 x 10~ ohm-cm
3. At 1100°F 50. 33 x 10-6 ohm-cm

II. Magnetic Properties (All magnetic materials are stress relief annealed
(SRA) unless otherwise specified)

A. D-C Properties
1. Solid Ring
a. Vacuum Melted, Forged, Annealed

1. Induction, (Bﬁp)forH = 250 oerstedsat 72°F 24.9 kilo-
2. Induction, (Byjp)for H = 250 oerstedsat 500°F giug sl‘r.ilo-
3. Induction, (Byp)for H = 250 oersteds at 800°F 584'1.1(8)}110-
4. Induction, (Bﬁp) for H = 200 oerstedsat 1100°F g;u; kilo-
5. Induction, (Bﬁp) for H = 200 oersteds at 1400°F %'gl.lgskilo-
gauss

b. Investment Cast, Annealed

1. Induction, (Bjp)for H = 250 oerstedsat72°F  23.4 kilo-

2. Induction, (Byp)forH = 250 oerstedsat 500°F gg‘:l;skilo-
3. Induction, (Btip) for H = 200 oersteds at 800°F gg?gskilo-
4, Induction, (Btip) for H = 200 oerstedsat 1100°F %?gskilo-
5. Induction, (Btjp)for H = 200 cerstedsat 1400°F %g?gskilo-
gauss

2. Laminations
a. 0.004 Inch Thick Laminations, Annealed

1. Induction, (Btip) for H = 300 oerstedsat72°F 24.2 kilo-
gauss
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B.

Induction, (Btip) for H = 300 cerstedsat 500°F 23.4 kilo-
Induction, (Bﬁp) for H = 300 oersteds at 800°F ggug skilo-
Induction, (Bﬁp) for H = 300 oerstedsat 1100°F ggug skilo-
Induction, (Btip) for H = 250 oersteds at 1400°F %f;ug skilo-
gauss

.008 Inch Thick Laminations, Annealed

Induction, (Btjp)for H = 250 oerstedsat 72°F  23.1 kilo-
gauss

Induction, (Btip) for H = 250 oersteds at 500°F 23.0 kilo-
gauss

Induction, (Btip) for H = 250 oerstedsat 800°F 22.3 kilo-
' gauss

Induction, (Bﬁp) for H = 250 oersteds at 1100°F 20,8 kilo-

gauss
Induction, (Btip) for H = 250 oersteds at 1400°F 18. 3 kilo-

gauss

A-C Properties, 400 Cycle

1.

0.004 Inch Thick Laminations, Annealed

a.

Core loss, B =
Core loss, B

Exciting volt-amperes, B = 18kilogaussat 72°F 270 volt-

amperes/
pound

Exciting volt-amperes, B = 18 kilogaussat 500°F 290 volt-

amperes/
pound

Exciting volt-amperes, B = 18kilogaussat 800°F 325 volt-

amperes/
pound

Exciting volt-amperes, B = 18kilogaussat 1100°F 351 volt-

amperes/
pound

Exciting volt-amperes, B = 18 kilogaussat 1400°F 315 volt-

amperes/
' pound
18 kilogauss at 72°F 27.6 watts/pound
= 18 kilogauss at 7T00°F  23.1 watts/pound
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C.

h.
i'

a.

e.

T

Core loss, B = 18 kilogauss at 900°F  18. 2 watts/pound
Core loss, B = 18 kilogauss at 1100°F 13.9 watts/pound

0.008 Inch Thick Laminations, Annealed

Exciting volt-amperes, B = 18kilogaussat72°F 275 volt-

amperes/
___ pound
Exciting volt-amperes, B = 18kilogaussat 500°F 294 volt-
amperes,/
pound
Exciting volt-amperes, B = 18kilogaussat 800°F 308 volt-
amperes/
pound
Exciting volt-amperes, B = 18kilogaussat 1100°F 321 volt-
‘ amperes/
pound
Exciting volt-amperes, B = 18 kilogauss at 1400°F 524 volt-
amperes/
pound
Core loss, B = 18 kilogauss at 72°F 34.7 watts/pound
Core loss, B = 18 kilogauss at 700°F  27.8 watts/pound
Core loss, B = 18 kilogauss at 900°F  23.6 watts/pound
Core loss, B = 18 kilogauss at 1100°F 16.2 watts/pound
Core loss, B = 18 kilogauss at 1400°F 14.3 watts/pound

Constant Current Flux Reset Properties (CCFR): Not applicable to
Hiperco 27 alloy. Only measured on materials used as magnetic
amplifiers.

III. Mechanical Properties, Bar Stock and Castings

A.
B.

Poisson’'s Ratio at 72°F 0.328

Tensile Properties

1. Vacuum Melted Bar Stock - 72°F

paeoP

0. 20 percent offset yield strength 82, 450 psi
Tensile Strength 95, 000 psi
Elongation in two inches 28.2 percent
Reduction in area 75.2 percent
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Modulus of Elasticity
Compressive Modulus of Elasticity
g. 0.20 percent offset compressive
yield strength

Ll ¢
hd .

2. Investment Cast Bars - 72°F

0. 20 percent offset yield strength
Tensile Strength

Elongation in one inch

Reduction of area

S

3. Vacuum Melted Bar Stock - 7T00°F

a. 0.20 percent offset yield strength

b. Tensile Strength

c. Elongation in two inches

d. Reduction of area

e. Modulus of elasticity

- f. Compressive Modulus of

Elasticity at 800°F*
0. 20 percent offset compressive

®

yield strength at 800°F*
4, Investment Cast Bars - T00°F
a. 0.20 percent offset yield strength
b. Tensile Strength
c. Elongation in one inch
d. Reduction of area

5. Vacuum Melted Bar Stock - 1000°F

a. 0.20 percent offset yield strength

b. Tensile Strength

c. Elongation in two inches

d. Reduction of area

e. Modulus of elasticity

f. 0.20 percent offset compressive
yield strength at 1100°F*

g. Compressive Modulus of elasticity

at 1100°F*

*These data obtained at the indicated temperature, not 72° or 1000°F as shown

at the top of each heading.
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33.9x 106 psi
31.4x 106 psi

97, 600 psi

43, 900 psi
64, 200 psi
2.0 percent
0.80 percent

53, 500 psi
86,400 psi
25.2 percent
75.5 percent
26.8x 106 psi

27.3x 106 psi

80, 950 psi

37,000 psi
69, 800 psi
18 percent
33.8 percent

50,050 psi
64, 600 psi
12. 4 percent
41.2 percent
23.6x 106 psi

62, 200 psi

25x 108 psi



6. Investment Cast Bars - 1000°F

a. 0.20 percent offset yield strength 33,900 psi
b. Tensile Strength 61, 300 psi
c. Elongation in one inch 9.0 percent
d. Reduction of area 21. 8 percent

C. Creep (Vacuum melted bar stock and investment cast bars)
1. Vacuum Melted Bar Stock (Air Test*)

a. Stress to produce 0.20 percent plastic

strain in 1000 hours at 700°F 62, 000 psi
b. Stress to produce 0. 20 percent plastic

Strain in 10, 000 hours at 700°F 53, 000 psi
c. Stress to produce 0. 40 percent plastic

strain in 1000 hours at 700°F 66, 500 psi

d. Stress to produce 0.40 percent plastic
strain in 10, 000 hours at 700°F 60, 000 psi
e. Stress to produce 0.20 percent plastic
strain in 1000 hours at 900°F 33,700-36, 500 psi
f. Stress to produce 0. 20 percent plastic -
strain in 10, 000 hours at 900°F 26, 800-29, 200 psi
g. Stress to produce 0. 40 percent plastic

strain in 1000 hours at 900°F 39, 800-41, 800 psi
h. Stress to produce 0.40 percent plastic
strain in 10, 000 hours at 900°F 33, 800-35, 600 psi

2. Vacuum Melted Bar Stock (Argon and Vacuum) See C.1. above
for temperatures to 900°F, above 900°F consult actual test
data.

3. Investment Cast Bar Stock (Air and Vacuum See Figure
IV.C.I1I-16).

D.  Fatigue: Hiperco 27 alloy is not used in cyclic loaded applications.
Normal heat treatment for material used in electromagnetic gener-

ators: Heat to 1472°-1552°F in pure dry hydrogen and cool rapidly
in the same atmosphere.

*Argon and Vacuum Test data are equivalent to Air Test data at 700°F and
900°F.
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TABLE IV,.C.I-1. Electrical Resistivity of Vacuum Melted Forged

Hiperco 27 Alloy

TEST: ASTM B193

Specimen No. 1, Continuous Heating in Vacuum

Wire Diameter - 0. 1253 Inches, Test Length - 11. 32 Inches

Temperature Resistance Resistivity
(°F) (Ohms) (Microhm-Cm)
77 0. 006300 17.43
200 0. 006770 18.173
300 0. 007345 20, 32
437 0.008369 23.15
500 0.008969 24,81
619 0. 01020 . 28,22
705 0.01134 31. 37
800 0.01265 35.00
900 0.01430 39.56
1000 0.01616 44,71
1100 0.01819 50. 33
1200 0. 02050 56. 72
1300 0.02304 63. 75
1400 0. 02578 71. 33
1245 0.02190 60. 59
1050 0.01745 48, 28
850 0.01384 . 38.29
650 0.01102 30. 49
445 0.009010 24,93
250 0. 007445 20. 60
150 0.006689 18.51
79 0.006180 17.10

NOTE: The above data are plottéd on Figure IV, C.I-2,

(Reference: NAS3-4162)
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See Data Table IV.C.I-1.
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Figure IV.C.II-3. D-C Magnetization - Hiperco 27
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Figure IV, C, II-6. D-C Magnetization - Hiperco 27
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Figure I1V.C.II-7. D-C Magnetization - Hiperco 27
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Figure IV, C.1I-8. D-C Magnetization - Hiperco 27
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Figure IV. C.1I-12. Exciting VA, 400 CPS. Hiperco 27
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Figure IV, C.II-13. Exciting VA, 800 CPS. Hiperco 27
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Figure IV, C.11I-14. Exciting VA, 1600 CPS. Hiperco 27
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Figure IV, C.1I-16. Core loss, 400 CPS. Hiperco 27
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Figure IV, C.1I-17. Core Loss, 800 CPS. Hiperco 27
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Figure IV. C.1I-18. Core Loss, 1600 CPS, Hiperco 27
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Figure IV.C.II-20, Exciting VA, 400 CPS. Hiperco 27
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Figure IV.C.I11-21. Exciting VA, 800 CPS. Hiperco 27
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Figure IV, C.II-22, Exciting VA, 1600 CPS, Hiperco 27
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Figure IV.C.I1I1-23. Exciting VA, 3200 CPS. Hiperco 27
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Figure IV.C.I11-24, Exciting VA, 400 CPS. Hiperco 27
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Figure IV.C.II-25. Exciting VA, 800 CPS. Hiperco 27
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Figure IV.C.II-26. Exciting VA, 1600 CPS. Hiperco 27
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Figure IV.C.II-27. Exciting VA, 3200 CPS. Hiperco 27
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Figure IV.C.II-28. Exciting VA, 400 CPS. Hiperco 27
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Figure IV.C.II-29, Core Loss, 400 CPS. Hiperco 27
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Figure IV.C.II-30, Core Loss, 800 CPS, Hiperco 27
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Core Loss, 1600 CPS, Hiperco 27

Figure IV, C.II-31.
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Figure IV.C.II-32. Core Loss, 3200 CPS. Hiperco 27
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Figure IV.C.11-33. Core Loss, 400 CPS. Hiperco 27
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Figure IV.C.II-34. Core Loss, 800 CPS. Hiperco 27
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Figure IV.C.II-35. Core Loss, 1600 CPS. Hiperco 27

337



(29T9-€SVYN :90uaxajay)
ajruojuag 8yeydsoydoyirp umMuIwmIy BTN
-uoryemsu] JreuywrejIaju] “uoSay :axaydsour}y 389 ‘b# ofdures 000000
= SuoryeuTuUreTY youJ g0 "0 - Ao[IV LZ 0d3adtH ‘Sd)D 002¢ ‘ssoT a10) "9g-11 .0 .\‘: JHNO1T

(ANNOd ¥dAd SLLVM) SSOT THOD

0001 00T o o't M
Vv M. \\vw .w
u| L L/ ;
m *L“d TenmI X \\\\\\ @
m 7 xn\‘u\l\ 12 onnm
5 AN N/ m @
2orf Va7a% 5 13| s
5 / \ S w
M i\\ / \In\ c\...m” ©
571 Ay g |4
2 TV 2 ;
x \ \\q\ v % ©
= \ f \ = 2
05t / ]/ f[ / . 2
<




(291%-€ SYN :9douaiajay)
*9jtuojuad 9yeydsoydoylaQ WnUIWN]Y BTN :UOTIe[NSuU]

Jeutwe[xajul ‘uolday :axaydsouwnyy 331 ‘G# ordweg - 189, 3uidy
- suonEuTwWeT Youl 800 "0 - AOI1V LZ 09XadiH °SdD 00% ‘SSOT 240D "Lg-II°D Al HUNDIA

(ONNOd ¥3d SLLVM) SSO'T FHOD

000T 001 01
X121
08+ \

4.0001 e \\\\
— ‘SIY 0001 Jo)V “L°HO
m J.0001 T8 "SIY 0001 X

LY renm v \\ "
S 06+
Q & b1 3
= \\ a
e) A
- Ji 2
= o)
m \ 2z
O o001 ]
4 \ nnlu
; V. "8
5 c
Z \ &
w.u OTTF \ \

I .
021 +

Figure IV.C.II-37. Core Loss, 400 CPS. Hiperco 27
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TABLE IV, C.III-1.

Poisson's Ratio For Hiperco 27 Alloy at

Room Temperature

Average
Specimen Run Width Thickness | Poisson's Poisson's
No. No. (Inches) (Inches) Ratio* Ratio
1 1 0.749 0.124 0. 305
2 0. 327 0. 320
3 0. 329
2 1 0.749 0.124 0. 330
2 0. 348 0. 335
3 0. 328

*These data were obtained from the stress strain plots in Figures IV, C.
ITI-1 to -6 where # = e/ej. » = Poisson's Ratio
e/el is the ratio of unit lateral strain to unit axial strain below the elastic

limit.

(Reference: NAS3-4162)
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FIGURE IV. C.III-1. Elastic Strain Versus Load For Hiperco 27 Alloy
Room Temperature Test (Reference: NAS3- 4162)

Figure IV, C.III-1. Poisson's Ratio - Hiperco 27
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FIGURE 1V, C.II1I-2. Elastic Strain Versus Load For Hiperco 27 Alloy
Room Temperature Test (Reference: NAS3-4162)

Figure I V. C.III-2.

Poisson's Ratio - Hiperco 27
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FIGURE IV. C.I1I-3. Elastic Strain Versus Load For Hiperco 27 Alloy

Room Temperature Test (Reference: NAS3-4162)

Figure I V. C.III-3. Poisson's Ratio - Hiperco 27
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FIGURE IV.C.II1I-4. Elastic Strain Versus Load For Hiperco 27 Alloy

Room Temperature Test (Reference: NAS3-4162)

Figure IV. C.III-4. Poisson's Ratio - Hiperco 27
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FIGURE 1V. C.II1I-5. Elastic Strain Versus Load For Hiperco 27 Alloy
Room Temperature Test (Reference: NAS3-4162)

Figure IV.C.III-5. Poisson's Ratio - Hiperco 27
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FIGURE IV, C.III-6. Elastic Load Versus Strain For Hiperco 27 Alloy
Room Temperature Test (Reference: NAS3-4162)

Figure IV, C.III-6. Poisson's Ratio - Hiperco 27
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Figure IV, C.III-1.
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Figure IV. C.III-8. Tensile Ductility - Hiperco 27
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Figure IV, C. III-10.
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Figure IV. C. III-11,
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Figure IV. C.I11I-12. Compressive Strengths - Hiperco 27
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Figure IV, C, III-13. Compressive Modulus - Hiperco 27
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FIGURE 1V.C.III-14. Larson-Miller Plot of Vacuum Melted Forged Hiperco
27 Alloy Creep Data Basedon a Maximum of 2000 Hour
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Argon and Vacuum. (Reference: NAS 3-4162)

Figure IV.C.III-14. Creep - Larson-Miller Plot - Hiperco 27
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Figure IV.C.III-16. Creep - Larson-Miller Plot - Cast Hiperco 27
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Figure IV, C.III-18. Creep - Hiperco 27
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Figure IV. C.I1I-20. Creep - Hiperco 27
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Figure IV. C.II1I-21.
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Figure I V. C,III-23. Creep - Hiperco 27
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TABLE IV, C.III-8. Vacuum Creep Data For Vacuum Melted Forged

Hiperco 27 Bar (See Figure IV.C.I1I-16 For
Larson-Miller Plot)
TEST: ASTM E139

Temperature 700 900 1100 1100
Stress (psi) 70, 000 46, 000 12, 000 7000
Duration of Test (hours) 498 350 187 211
Total Creep Strain (percent) 0.73 0.60 0.80 0.19
Time to Cause 0.2 percent
Creep Strain (hours) 35 130 32 220
Time to Cause 0.4 percent
Creep Strain (hours) 165 240 105 (1)
Plastic Strain obtained on
loading specimen (percent) 0 0 0
Test Atmosphere Vacuum Vacuum Vacuum Vacuum
See Larson-Miller Plot
in Figure IV.C.III 16 16 16 16
Larson-Miller Parameter
for 0.2 percent plastic strain| 19.2 23.25 25.7 27.1
Larson-Miller Parameter
for 0.4 percent plastic strain| 20.0 23.70 26.6 --

(l)Did not reach required strain.

(Reference NAS 3-4162)
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Figure I V. C.III-25.
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Figure IV, C,III-27. Creep - Cast Hiperco 27
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Figure IV, C, I11-28.
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Figure I V. C.III-29. Creep - Cast Hiperco 27
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TABLE IV, C.III-10. Vacuum Creep Data For Investment Cast
and Annealed Hiperco 27 Alloy

TEST: ASTM E139

Temperature (°F) 700 900 1,100 1,100
Stress (psi) 36,800 | 32,000 8,000 11,000
Duration of Test (hours) 212 308 405 168
Total Creep Strain (percent) 0.64 0.34 0.20 0.54
Time to Cause 0.2 percent 1.0 115 - 405 120
Creep Strain (hours)

Time to Cause 0.4 percent 20.0 400 (1) 148
Creep Strain (hours)

Plastic Strain obtained 0.13 0.10 0 0
on loading specimen

(percent)

Test Atmosphere Vacuum | Vacuum | Vacuum |Vacuum
See Larson-Miller Plot '

in Figure IV, C.I11] ————08 16 16 16 16
(I)Did not reach required strain (Reference NAS 3-4162)

378




MAGNETIC MATERIALS PROPERTIES SUMMARY

D. IRON 1-PERCENT SILICON INVESTMENT CASTING (AMS 5210)

Availability: Commercial

Nominal Composition:

Tested Composition:

1% Si-Fe

Purchased and certified to conform to Aero-

nautical Materials Specification 5210. Actual
chemical composition not tested. When used
as a magnetic material it should be purchased
to a performance requirement rather than

chemical analysis.

1. Thermophysical Properties

A.

B
CI
D

Density
Solidus Temperature
Curie Temperature

Thermal Conductivity

1. At T2°F
2. At 500°F
3. At T00°F

Coefficient of Thermal Expansion (72°-932°F)

Specific Heat

1. At T2°F
2. At 500°F

0.28 1b/in3 7.75 grams/cc

2210°F

1380°F

23. 6 Btu-ft
ft2 -hr -°F
99 o Btu-ft _
£t -hr -°F
Btu-ft
20.8 5
fte-hr -°F

8.0x10-6 in/in-°F**

0. 10 Btu/1b-°F
0.10 Btu-1b-°F

**American Society for Metals, Metals Handbook, 1961 Edition, pp 1207.




II.

III.

G.

Electrical Resistivity

1. At 172°F 21.0 x 10-6 ohm-cm*
2. At 500°F 40.5 x 10-6 ohm-cm*
3. At 700°F 51.0 x 10~ ohm-cm*

Magnetic Properties (All magnetic materials are stress relief annealed
(SRA) unless otherwise specified).

A.

D-C Properties (Solid Ring)

1. Induction (Btip) for H = 300 oerstedsat 72°F 21.0 kilogauss
2. Induction (Bt1 ) for H = 300 oersteds at 800°F  19.8 kilogauss
3. Induction (Bnp) for H = 300 oerstedsat 1100°F  17.2 kilogauss
A-C Magnetic Properties

Investment-cast materials are not suitable for a-c application.
Losses are very high.

Constant Current Flux Reset Properties (CCFR)

Not applicable to AMS 5210. Only measured on materials used in
magnetic amplifiers.

Mechanical Properties

AI

Tensile Properties

1. At 72°F
a. 0.20 percent offset yield strength 28, 950 psi
b. Tensile Strength 54, 200 psi
c. Elongation in one inch 37.2 percent
d. Reduction of area 60.6 percent
e.  Modulus of elasticity (estimated) 28 x 106 psi
2. At 800°F
a. 0. 20 percent offset yield strength 22,900 psi
b. Tensile Strength 41, 000 psi
c.  Elongation in one inch 36.7 percent
d. Reduction of area 67.8 percent

*United States Steel, Electrical Sheet Steels Data Handbook.
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B. Creep: Material not used in highly stressed applications.
C. Fatigue: Material not used in cyclic stressed applications.

D. Normal Heat Treatment per AMS 5210.
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MAGNETIC MATERIALS PROPERTIES SUMMARY

E. 15 PERCENT NICKEL MARAGING STEEL

An ultrahigh strength martensitic, age-hardenable steel, possessing high
strength and increased resistance to softening at elevated temperatures.

Availability: Commercial
Nominal Composition: 9Co, 5 Mo, 0.70 Ti, 0.70 Al, 15 Ni, Fe
Tested Composition: Co Mo Ti Al Ni Fe

9.0 5.0 0.70 0.70 15.0 Bal

I. Thermophysical Properties
A. Density 0.289 1b/in3  8.00 grams/cc
B. Solidus Temperature approx. 2600°F

C. The Curie Temperature of Maraging steel is time temperature
dependent and is not a fixed point as in Cubex or H-11 alloys.

D. Coefficient of thermal expansion 72°-900°F 5.6x 10~6 in/in-°F
E. Electrical Resistivity at 72°F 38 x 10-6 ohm-cm
.t—e_g}— weve ob o hardness of Rockuell
II. Magnetic Properties (All magnetic’materials are-stress-relici-anneated
< 54,5 (SRA) unless otherwise specified)
A. D-C Properties
1.  Solid Ring
a. Induction (Btjp) for H = 250 cerstedsat 72°F  18.0 kilogauss
b. Induction (Btijp) for H = 250 oerstedsat 700°F  16. 3 kilogauss

c. Induction (Bu ) for H = 250 oerstedsat 900°F  15.6 kilogauss
d. Induction (Bup) for H = 200 oerstedsat 1100°F 13. 0 kilogauss
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0. 016 Inch Laminations

o oP

Induction (Btjp) for H = 250 oerstedsat72°F 19,0 kilogauss :

Induction (Btip) for H = 250 oerstedsat 300°F  18. 2 kilogauss -
Induction (Bt1 ) for H = 250 oerstedsat 500°F  17.7 kilogauss .
Induction (Bhp) for H = 250 oerstedsat 800°F 16, 3 kilogauss P

B. A-C Magnetic Properties (0.016 Inch) Laminations at 400 Cycles

1'

5
6.
7.
8

C. Constant Current Flux Reset Properties (CCFR)

Exciting volt-amperes, B = 10kilogauss at 72°F 177 volt-

amperes/
pound

Exciting volt-amperes, B = 10kilogauss at 300°F 180 volt-

amperes/
pound

Exciting volt-amperes, B = 10kilogauss at 500°F 177 volt-

amperes/
pound

Exciting volt-amperes, B = 10kilogauss at 800°F 181 volt/

Core loss, B = 10 kilogauss at 72°F

Core loss, B = 10 kilogauss at 300°F
Core loss, B = 10 kilogauss at 500°F
Core loss, B = 10 kilogauss at 800°F

amperes,/

pound .
108 watts/pound
. 106 watts/pound
104 watts/pound
102 watts/pound

Not applicable to Maraging steel; measured only on materials for
magnetic amplifiers.

III. Mechanical Properties

A, Poisson's ratio at 72°F

B. Tensile properties

1.

At T2°F

a. 0.20 percent offset yield strength
b. Tensile streng‘th

c. Elongation in two inches

d. Reduction of area

e. Modulus of elasticity
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291, 000 psi b
299, 000 psi
15 percent
44 percent

27.5 x 108 psi



At 400°F

a. 0.20 percent offset yield strength
b. Tensile strength

c. Elongation in two inches

d. Reduction of area

At 600°F

a. 0.20 percent offset yield strength
b. Tensile strength

c. Elongation in two inches

d. Reduction of area

At 800°F
a. 0.20 percent offset yield strength

b. Tensile strength
c. Elongation in two inches

- d. Reduction of area

Creep (Bar Stock) Air Tests

1.
2.

Stress to produce 0.20 percent creep
strain in 1000 hours at T00°F

Stress to produce 0.20 percent creep
strain in 10, 000 hours at 700°F
Stress to produce 0.40 percent creep
strain in 1000 hours at 700°F

Stress to produce 0.40 percent creep
strain in 10, 000 hours at 700°F
Stress to produce 0. 20 percent creep
strain in 1000 hours at 900°F

Stress to produce 0.20 percent creep
strain in 10, 000 hours at 900°F
Stress to produce 0.40 percent creep
strain in 1000 hours at 900°F
Stress to produce 0.40 percent creep
strain in 10, 000 hours at 900°F
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255, 000 psi
265, 000 psi
8 percent
52 percent

250, 000 psi
264, 000 psi
8 percent
52 percent

226, 000 psi
246,000 psi
9 percent
52 percent

214, 000 to 219, 000 psi
204, 000 to 205, 000 psi
243,000 psi

230, 000 psi

14, 500 to 27, 000 psi
2800 to ’}240 psi

40, 500 to 42, 700 psi

12, 000 to 18, 500 psi



Fatigue Strength

This alloy possesses little potential for stressed applications at
temperatures above 800-850°F. The fatigue properties were
therefore not determined. ‘

Normal Heat Treatment - see 18 percent Nickel Maraging steel.
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MAGNETIC MATERIALS PROPERTIES SUMMARY

E. (Cont.) 18 PERCENT NICKEL MARAGING STEEL

An ulfra-high-strength, martensitic, age-hardenable, steel.

Availability: Commercial
Nominal Composition: 8 Co, 4 Mo, 0.15-0.80 Ti, 18 Ni, Fe
Tested Composition: Not analyzed for exact composition. When used

as a magnetic material it should be purchased to
a performance requirement rather than chemical
analysis.

I. Thermophysical Properties

A.
B.

C.

Density 0.289 1bs/in3 7.93 grams/cc
Solidus Temperature approx. 2600°F

The Curie Temperature of Maraging steel is time-temperature
dependent and is not a fixed point as in Cubex alloy or H-11 alloys.

Thermal Conductivity

1. At T2°F 8.4 Btu-ft/ft2-hr-°F*
2. At 800°F 11.4 Btu-ft/ft2-hr-°F*

Coefficient of Thermal Expansion

1. 72°-900°F 5.6 x 106 in/in-°F
Speci.fi-t; ﬁeat at 32°-212°F 0.12 Btu/1b-°F*
Electrical Resistivity at 72°F

(Full Hard) 38.0 x 10-6 ohm-cm

*Private Communication International Nickel Co.
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II. Magnetic Properties (All magnetic
Rockwd! CST-57¢3Mk) unless otherwise specified)

A. D-C Properties
1. Solid Ring
a. Induction (By p) for H = 250 oersteds at 72°F

test ma&eno "*"““’WSS o

17. 6 kilogauss

b. Induction (Btlp)forH = 250 oerstedsat 800°F 15, 0 kilogauss

2. 0.014 inch Laminations
a. Induction (Bt1 ) for H = 250 oersteds at T2°F
b. Induction (Bu )for H = 250 oersteds at 300°F
c. Induction (Bu )for H = 250 oersteds at 500°F
d. Induction (Btlp) for H = 250 oersteds at 800°F
B. A-C Magnetic Properties (0.014 inch laminations at

1. Exciting volt-amperes, B = 10 kilogauss at 72°F

18. 1 kilogauss
17.6 kilogauss
16. 8 kilogauss
15. 1 kilogauss

400 cycles)
285 volt-

amperes/
pound

2. Exciting volt-amperes, B = 10kilogaussat 300°F . 294 volt-

amperes/
pound

3. Exciting volt-amperes, B = 10kilogaussat 500°F 308 volt-

amperes/
pound

4. Exciting volt-amperes, B = 10kilogaussat 800°F 336 volt-

Core loss, B = 10 kilogauss at 72°F

Core loss, B = 10 kilogauss at 300°F
Core loss, B = 10 kilogauss at 500°F
Core loss, B = 10 kilogauss at 800°F

W-JO W,
- . L) [ )

C. Constant Current Flux Reset Properties (CCFR)

Not applicable to Maraging steel alloys, only measu
used in magnetic amplifiers.
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amperes/
pound
116 watts/pound
118 watts/pound
119 watts/pound
118 watts/pound
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III. Mechanical Properties (250 Grade Material)

A.
B.

Poisson's Ratio at 72°F

Tensile Properties

1.

At 72°F

a. 0.20 percent offset yield strength
b. Tensile strength

c. Elongation in one inch

d. Reduction of area

e. Modulus of elasticity

At 700°F

a. 0. 20 percent offset yield strength
b. Tensile strength

c. Elongation in two inches

d. Reduction of area

At 900°F

a. 0.20 percent offset yield strength
b. Tensile strength

c. Elongation in two inches

d. Reduction of area

Creep (Bar Stock) Air Tests*

Stress to produce 0. 20 percent creep
strain in 1000 hours at 700°F

Stress to produce 0. 20 percent creep
strain in 10, 000 hours at 700°F
Stress to produce 0.50 percent creep
strain in 1000 hours at 700°F

Stress to produce 0.50 percent creep
strain in 10, 000 hours at 700°F

0. 30**

250, 000 psi**
257, 000 psi**
12 percent**
55 percent**
27 x 106 psi

220, 600 psi**
240, 000 psi**
15 percent**
55 percent**

185, 000 psi**
197,000 psi**
15 percent**
63 percent**

133,000 psi
110, 000 psi
164, 000 psi

128, 000 psi

*All creep data are taken and calculated from a Larson-Miller plot shown in
Figure IV, E,III-5,

**Allegheny Ludlum Product Literature ALMAR 18-250.
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5. Stress to produce 0. 20 percent creep
strain in 1000 hours at 900°F
6. Stress to produce 0.50 percent creep
strain in 1000 hours at 900°F
D. Fatigue Strength at 72°F for 107 Cycles

1. Notched Bar Air Melted Material
2. Smooth Bar

a. Vacuum melted material
b. Air melted material

E. Normal Heat Treatment

51,400 psi

59, 000 psi

45,000 psi**

115, 000 psi**

97, 000 psi**

Heat to 1500° + 25°F, hold at uniform temperature for 1 hour,
cool at any convenient rate to produce the martensitic structure
at room temperature. Age harden for 3 hours at 875°- 925°F

and cool.

**Allegheny Ludlum Product Literature ALMAR 18-250.
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TABLE IV.E.III-1.

Tensile Properties of 15 Percent Nickel

Maraging Steel With Two Different Heat
Treatments, Tested in Air, See Figure

IV.E.III-1.
0.2 Percent Ultimate Reduction  Hardness
Test Offset Yield Tensile of After
Temp Strength Strength  Elongation Area Testing
(°F) (Psi) (Psi) (percent) (percent) (Rockwell C)
Condition 1
70 291, 000 299, 000 15 44

200 271, 000 281, 000 8 46 54.0

400 255, 000 265, 000 8 52 54.1

600 240, 000 264,000 8 - 51 54.6

800 226, 000 246, 000 9 52 55.3
1000 177, 000 192, 000 15 48 55.5

| Condition 2
70 262, 000 281, 000 13 50

200 250, 000 268, 000 10 52

400 235, 000 255,000 9 55

600 225, 000 241, 000 12 53

800 206, 000 230, 000 10 54
1000 210, 000 230, 000 9 53
Condition 1: Materials held at 1500°F for 1 hour, water quenched and

aged 3 hours at 900°F. Samples were held at test temper-
ature 1 hour before test.

Condition 2: Materials held at 1800°F for 1 hour, water quenched and

aged 3 hours at 900°F., Samples were held at test temper-

ature 1 hour before test.

(Reference: Allegheny Ludlum Steel Product literature)
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TABLE IV.E.III-2. Tensile Properties of 18 Percent Nickel
Maraging Steel Tested in Air. See Fig-
ure IV.E. III-1,

0.20 Percent Reduction
Test Offset Yield Ultimate of
Temp. Strength Strength Elongation Area
(°F) (Psi) (Psi) (percent) (percent)
12 250, 000 257, 000 6 57
200 238, 000 250, 000 12 59
400 228, 000 240, 000 11 58
600 216, 000 228, 000 10 57
800 196, 000 210,000 12 60
1000 138, 000 158, 000 22 80

(Reference: Allegheny Ludlum Steel Product literature)
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STRENGTH (103 psi)

@ 15 Percent Ni Tensile Strength
300 B 15 Percent Ni Yield Strength
© 18 Percent Ni Tensile Strength
E!\ A 18 Percent Ni Yield Strength
BN
C]\ +
——
260 < .
A \
\ \ \ “’\
w0 ‘A\ \ \
*\ \ tJ\
220 << A \
\0\\
200
80 \

E i

160 \<>

140 r- 3

120

0 200 400 600 800 1000 1200

TEMPERATURE (°F)

FIGURE IV.E.III-1. Tensile Strengths, 15 and 18 Percént Nickel Maraging

Steels, Tested in Air,
and IV.E. III-2.

See Data Tables IV, E, III-1
(Reference: Allegheny Ludlum Steel
Product Literature)

Figure IV.E.III-1. Tensile Properties -15%and 18% Nickel Maraging Steel
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1,00 © 0.2 Percent Creep Strain
' @ 0.4 Percent Creep Strain
A or ¥ Stress Raised on Specimen
@ or @ Indicates Vacuum Test
T = °Rankine
t = hours
- Q#ga —vP
0] B
<o g
~ N\
) o
<V o\
% D
100 \r \ﬁ
2] g
g
= A\
@ \
(Hours)
' 4
10 10
700°F 104
10 800°F
10
29 31 33 35 37 39 41

LARSON-MILLER PARAMETER = T (25 +logt) X 10-3

FIGURE IV.E.III-3. Larson-Miller Plot of 15 Percent Nickel Maraging
Steel CreepData Basedon a Maximum of 2000 Hour
Data. (Reference: NAS3-4162)

Figure IV.E.III-3. Creep. Larson-Miller Plot -15%Nickel Maraging Steel
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260 — . ? :
00. 1 Percent Creep Strain
A 0.2 Percent Creep Strain
240 A 1.0 Percent Creep Strain |
@ Rupture !
T = °Rankine
220 t = time in hours .
200
o a \
X o)
& 180 \\ \\\f
« °
2 160 MX—XY
/ \
B 140 .=
E o ia ..\
120 \\ \\
0 e da
100
Ad
(Hours) A
80 10 4
[  700°F C, 104 \. o
10 B800°F \
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LARSON-MILLER PARAMETER = T (20 +logt) X 10-3

FIGURE IV, E.III-5. Larson-Miller Plot of Creep and Rupture Strengths for
18 Percent Nickel Maraging Steel Aged at 900°F for 3
Hours Based on a Maximum of 2000 Hour Data. (Ref-
erence: LM522) *For purposes of Comparison Ulti-
mate Strength is taken at 257, 000 PSI.

Figure IV.E.III-5. Creep - 18% Nickel Maraging Steel
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TABLE IV. E. III-5.

Maraging Steel

TEST: ASTM E139

Vacuum Creep Data For 15 Percent Nickel

Temperature (°F)

Stress (psi)

Duration of Test (hours)
Total Creep Strain (per;:ent)

Time to Cause 0.2 percent
Creep Strain (hours)

Time to Cause 0.4 percent
Creep Strain (hours)

Plastic Strain obtained
on loading specimen
(percent)

Test Atmosphere

See Larson-Miller Plot
in Figure IV.E,III-3

800 900
107, 500 60, 000
283 502
0.07 0.07
325() (1)
395(2) (1)
0 0
Vacuum Vacuum

900
90, 000
192
0.26

120

(1)

0

Vacuum

(1)Did not ;eagh required strain.
(2)Extrapolated data.

(Reference: NAS 3-4162)

415




‘uswrroads ardurS € uo 8saxIS ay) Suyseaaou] Aq paureiqO eyed «
(29T9-€SVYN :9ouaaajad) °g-III°H 'Al9[qel ejedq 8ds§ "Iy
uy 4, 00L T8 PaISal, 19938 SurSereiN [9WOIN juodxad ¢I ‘deatd -9-I1I'F "Al AUNDIA

(SYNOH) ANIL

0021 O00IT 0001 006 008 OOL 009 00S -00F O0OE 002 OO 0
[

}\

0

a—0

l“q|e _—C Q

ml.a—08
o hyanto— -
: 136~ Ol 00 1°0

~N
)

)
o

416

b
=
«(INIDHAJ) NIVHLS d3TUD

n
=

©
o

(urexys daaad jusdrad g1 *0
sanoy 0gGT e Suruund (NS IsaL)

e~
o

Figure IV. E.III-6. Creep -15%Nickel Maraging Steel




(29TH-£SYN :eduaaajey) ‘g~II1I°'d°Al 21qeL ®leq 99§
ATV U 4,001 J€ PoISa 19915 Surderey [9¥OIN jusdaad ¢f ‘desl) °L-III°H Al AUNOIA

0001

(SHNOH) FANIL

006 008 00L 009 00¢ 00¥ 00¢ 00¢ 0ot oc
1°0
(urexys doaad juadaad Qp*Q
SINoY Ggel 1€ Juruuna [I1s 1S9L)
P ¢'0
. o B\ o
o ..l ] \.\L\ o -~ o”
9 —p—pg—0 +8 L ° O|A _0-0—08 2 2 £°0
® | 1sd 000 ‘0¥2 o> o0f0 ——5 P O[T
1sd 000 ‘912
¥°0
S°'0
9°0

(LNZOHIJ) NIVHLS dAFHD

Figure IV. E.III-7. Creep -15%Nickel Maraging Steel

417



(291p-€SVN :oouaiajad) g¢-III'd ‘Al 9[qel eyeq 893S ‘JIV
ut 4,008 Te paIsal [99)1S SurdereN [9YOIN juadaad GI ‘dedx) *g-I11°'H ‘Al FUNDIA

(SYNOH) ANIL
0002 008T 0091 OOFT 00217 0001 008 009 00¥ 002

0
0
o ¢-° \oﬂ
/
(-]

o
= 1°0

O\

¢0

£°0

¥°0

S0

9°0

418

(LNFDOYId) NIVY.LS dATHD
Figure IV.E.III-8. Creep -15%Nickel Maraging Steel




B

. (291%
-eSVN :90uaaajayd) °‘g-I111°H Al 9lqel ejed 995 ‘a1y ut
J,008 7€ palsal [991S Suiderey [94OIN Juddaad g1 ‘deaxd “6-111'3 ‘Al JUNDIJ

(SYNOH) ANIL

0001 006 008 00L 009 00¢ 00¥ 00¢ 002¢ 001 0 0
o
o7 I 1o
° d
> /
T d
= b
?2°0 \Qﬂu
g d\\ £°0
v\o\ ﬁ\
lwck - mNOAW $°0
” a\ (N
\ A\ S
° Q2 o &0
> ¢'0

\oxt
9°0

(LNIDOUAJ) NIVHLS dd3J4D

Creep -15% Nickel Maraging Steel

Figure IV. E. ITI-9.

419



‘(29TP-€SYN :90udIajoy) *Suysal, Jo SINOH Zee 19V Uow
-102dS ISd 000 ‘081 uo sSaJ3S 3y} Suystey Aq paurelqO aam)

ISd 000 ‘652 10} eyed«

‘v-111°H Al 91qel eyeq 89§

Y

ut 4,00L ¥ paIsaL 19915 wﬁw«&ﬁz [9¥0IN Juadaad g1 ‘dea1d “Q1-111'd Al FUNDOIA

(SYNOH) IWILL

™
=

=
o

009 00¢ 00¢ 0 0
ol © OI_UI 0|%|IIEA||I
18d 000
L4
B
ral
1
-1
o et RM
\ —T
=18+ Qo.m....s

-
o

)
o

420

O n
o =
*(INIOUHAJ) NIVYLS dITHD

[ g
o
Figure IV.E.III-10. Creep -15% Nickel Maraging Steel




(z91¥
-gSVN :90uaaajay) “p-III'H ‘Al 3[qelL B¥e 99§ “J1y uf
Jd.008 Te poIsal, [991S Surdese [9)OIN JuUadIad gI ‘deaxd “I1-1I1'3 ‘Al FUNDIA
(SYNOH) ANIL
0021 O00TIT 000T 006 008 OQ0L 009 O00S OOV OOE 002 001 0

0
° \
0 0o~
(urexys dasxd jusdaad GLe°0 | d\\
SINOY Z9] PANUIIUOISIP ISAL) : o—°l°
po=t- 20
F\oh\\
0o -0 |
0 —75
; o..\mlh = ]
18d 000 96

<

0

)
> o
421

(=]
Creep - 15%Nickel Maraging Steel

©
= o
(INFOHAL) NIVHLS dFTHD

e~
o
Figure IV.E. III-11.




0021

-gSVN :90uaaajay)

(zZo1w

v-111"" "A 1 31qelL ®yeq, 99
d.006 T& PaIsaL 199)S Surdere [9¥0IN Juadaad ¢ ‘deaxd *ZI-IT1I°H ‘Al THNOLL

(SHNOH) AWIL

ITy uy

0001 008 009 -00¥ 00¢ 0

o

/
(-]
/ o
\o\o i
[ )
-0 -
\P.?\o\o
—t 00 \°—° ° ¢ c@
° dmaw OOO

o3
=

™
o

wn <3
= o
(LNIOYHId) NIVYLS dATHD

©
o

-
o

Creep -15% Nickel Maraging Steel

Figure IV, E. ITI-12.

422



(291% ‘
-gSYN :90uaJajay) ‘p-111°H Al 9[qBlL ®jed 39§ "JIV Ul
4,006 Te pa1sal, 19915 SurdereN [9)OIN JuddIad GI ‘daaa)

(SHNOH) ANIL

1-111°3 "A1 3YNOI4

00S oov 00¢ 002 001 0
0
\1
Wi I X
7 0
\w
20
OO\ Oaro&
P
\OO . .f.@
o €0
\\o
o\o\
\\q
- ¥°0
ot
u\o I\

S0
9°0

~ (INTOYAJ) NIVU.LS d3FYD

Figure IV.E.III-13. Creep - 15% Nickel Maraging Steel

423




e b e

(291%
|nm<z umocohwuwmv .¢|Hum .H .> 1 29&& eyed 99§ .uﬁ< uy
Jd.006 Y& paIsa], [991S SurdereN [9OIN Juadxad GI ‘deard “pI-III°H ‘Al FUNOIA

(SYNOH) ANIL

1,29 002 091 02t - 08 oy 0
¢
2
L7
a0 \rhw
\K\ —1©
> \
\\\\ .\a
ol 1 20"
\
= \M&o

424

(LNZOYIAJ) NIVYLS dATID

[

Figure IV, E.III-14. Creep -15% Nickel Maraging Steel
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MAGNETIC MATERIALS PROPERTIES SUMMARY

F. AISI GRADE H-11 STEEL, PREMIUM QUALITY (AMS 6487 AND 6437)

Availability: Commercial
Nominal Composition: 5Cr, 1.3 Mo, 0.5V, 0.40C, Fe
Tested Composition: C Si Mn S P Cr U Mo

Bar 0.40 0.87 0.20 0.006 0.010 4.89 0.53 1.30
Sheet 0.40 0.91 0.21 0.006 0.008 4.98 0.42 1.31

I. Thermophysical Properties

A. Density 0.281 1b/in3 7.77 grams/cc
B. Sol;‘dus Temperature 2750 £+ 25°F
C. Curie Temperature 1505°F

D. Thermal Conductivity

1. At 72°F 17.0 Btu-ft
: ft2-hr-°F

2. At 800°F 16.0 Btu-ft
ft2-hr -°F

E. Coefficient of thermal expansion (72°-900°F) 6.85x10-6 in/in-°F
F. Specific Heat

1. At 72°F 0.11 Btu/1b-°F
G. Electrical Resistivity of Annealed AMS 6487

1. At 72°F 46.5 x 10-5 ohm-cm*
2. At 500°F 59.0 x 10-5 ohm-cm*

*Westinghouse Electric Corp. Aerospace Electrical Division, Lima, Ohio,
Materials Engineering Lab Report, R. L. Stuart and L. G. Borg, 1963
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II. Magnetic Properties (All magnetlc/\’ materials

3. At 700°F - 68.0 x 10-6 ohm -cm*
4. At 800°F 71.0 x 10-6 ohm-cm*
5. At 900°F 76.5 x 106 ohm-cm*

ece af o hardness of Rockuell
are=stress-selici-urmeniet

C 4 5 (3RX) unless otherwise specified)

A.

D-C Properties (Solid Ring)

1. Induction (Btip)for H = 300 cersteds at 72°F 17.9 kilogauss
2. Induction (Bﬁ ) for H = 300 oersteds at 800°F 15.9 kilogauss
3. Induction (Btjp) for H = 300 oerstedsat 1100°F  13.8 kilogauss
A-C Properties (400 Cycle)

1. 0.014 inch thick laminations (Hardness-Rockwell C45)

a. Exciting volt-amperes, B = 10kilogaussat 72°F 172 volt-

amperes/
pound
b. Exciting volt-amperes, B = 10kilogaussat 800°F 157 volt-
' . amperes/
pound
c. Exciting volt-amperes, B = 10kilogaussat 1100°F 171 volt-
amperes/
pound
d. Core loss, B = 10 kilogauss at T2°F 105 watts/pound
e. Core loss, B = 10 kilogauss at 800°F 90 watts/pound
f. Core loss, B = 10 kilogauss at 1100°F 75 watts/pound

2. 0.025 inch thick laminations (Hardness-Rockwell C45)

a. Excitingvolt-amperes, B = 10kilogaussat 72°F 179 volt-
amperes/
pound

b. Excitingvolt-amperes, B = 10kilogaussat 800°F 157 volt-
amperes/

: pound
c. Excitingvolt-amperes, B = 10kilogaussat 1100°F 185 volt-
' amperes/
pound

*Westinghouse Electric Corp. Aerospace Electrical Division, Lima, Ohio,
Materials Engineering Lab Report, R. L. Stuart and L. G. Borg, 1963
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d.
e.
f.

Core loss, B = 10 kilogauss at 72°F 115 watts/pound
Core loss, B = 10 kilogauss at 800°F 87 watts/pound
Core loss, B = 10 kilogauss at 1100°F - 74 watts/pound

C. Constant Current Flux Reset Properties (CCFR)

Not applicable to H-11 steel; only measured on materials used in
magnetic amplifiers.

III. Mechanical Properties

A. Poisson's Ratio at T2°F 0.281

B. Tensile Properties (Hardness-Rockwell C45)

1. At T2°F
a.” 0.20 percent offset yield strength 180, 000 psi
b. Tensile strength 215, 000 psi
c. Elongation in 1.4 inches 15.2 percent
.d. Reduction of area 29.0 percent
e. Modulus of Elasticity 30,5x 106 psi
2. At 800°F
a. 0,20 percent offset yield strength 144, 000 psi
b. Tensile strength 174, 000 psi
c. Elongation in 1.4 inches 15.0 percent
d. Reduction of area 40.0 percent
e. Modulus of Elasticity 27.3x 106 psi

C. Creep (Bar Stock)*

1. Air Atmosphere

a.

b.

c.

Stress to produce 0. 20 percent creep

strain in 1000 hours at 800°F 92,000 psi
Stress to produce 0.20 percent creep
strain in 10, 000 hours at 800°F 80, 000 psi
Stress to produce 0.40 percent creep
strain in 1000 hours at 800°F 107, 000 psi

"‘Creep Strength of Properly Fabricated and Heat Treated H-11 Sheet (AMS 6437)
is only slightly lower than that of Bar Material.
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d. Stress to produce 0.40 percent creep .
strain in 10, 000 hours at 800°F 90, 000 psi

2. Vacuum Atmosphere: Same as above.
D. Fatigue (Air Atmosphere, Bar Stock)

Smooth  Notched

Bar Bar Ky =3)

1. 800°F Fatigue strength for 107

cycles A = 72,000 45,000 (psi)
2. 800°F Fatigue strength for 107

cycles A =0.25 170,000 125,000 (psi)
3. 800°F Fatigue strengthfor 107 ' :

cycles A =2.00 98,000 48,000 (psi)
4. 1000°F Fatigue strength for 107

. cycles A =0 70,000 33,000 (psi)

5. 1000°F Fatigue strength for 107 |

cycles A =0.25 130,000 105,000 (psi)
6. 1000°F Fatigue strength for 107

cycles A =2.00 100,000 40,000 (psi)— -

E. Normal Heat Treatment for Use as Inductor Rotor Material and
' Resultant Hardness.

Preheat in reducing atmosphere to 1200°F - 1300°F, heat to 1850°+
25°F in a neutral or slightly reducing (carbon potential 0.40)* atmos-
phere and hold for 1 hour and air-blast quench to room temperature.
Temper three times at 1075°-1150°F to achieve a hardness of
Rockwell C44-45.5.

*Reference: A.S.M. Metals Handbook, Vol. 2, 1964, pp 89-91.
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Exciting VA, 400 CPS. H-11 Steel

Figure IV, F. II-5.
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Figure IV, F.II-7. Core Loss, 400 CPS. H-11 Steel
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Figure IV, F.II-8. Core Loss, 400 CPS. H-11 Steel
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Figure IV, F.II-9. Exciting VA, 400 CPS. H-11 Steel
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Figure IV. F.II-10. Exciting VA, 400 CPS. H-11 Steel
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Core Loss, 400 CPS. H-11 Steel

Figure IV. F. II-11.
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Figure IV, F.II-12, Core Loss, 400 CPS, H-11 Steel
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TABLE IV. F.I1I-1. ' Tensile Properties of AMS6487 (H-11)

| Bar (All Tests Made in Air.)
| See Figure IV, F,III-1

Test
Temperature

(°F)

72
72
72
72
72

800

800
800
900
900
900
1000
1000

0.2 Percent Reduction
Offset Yield Tensile Elongation of
Strength Strength 1.4 Inches Area
(Psi) (Psi) (Percent) (Percent)
175, 000 212, 000 15.5 *
185, 000 217,000 17.5 34
183, 000 211,750 16.0 31
174, 000 213, 280 18.5 34
183,670 218,980 8.5 14.3
154, 080 178,572 16.0 30.3
150, 000 180, 000 17.0 40,
127, 2y46 163,672 13.6 - 50.4
118, 181 154,645 * 53.1
117, 352 152, 450 15.6 67.5
131, 048 168,061 13.6 60.5
92,7178 128, 385 27.6 72.5
102, 862 137,003 20.1 65.5

*Broken at gage mark

(Reference: LM 529)
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FIGURE 1V. F.III-2. Larson-Miller Plots of AMS 6487 (H-11 Bar) Air and
Vacuum Creep Data Based on a Maximum of 2000
Hour Data. See Tables IV.F.III-3, -4, and -5.
(References: NAS 3-4162 and LM529)

Figure IV, F.III-2. Larson-Miller Parameter - H-11 Steel

445



L 1 ‘77 1 T
© Sheet .
@ Bar .
T = °Rankine 1
t = Hours 4
B Solid Symbol Indicates

1,000 ,

Vacuum Test
0. 4% creep strain curve
gy / estimated from LM529
2 ]
0.3%
) ~ \ 7
S 100 G
L < ‘
7 <2k
[~ 2NN
5 0.2% creep strain curve ~ NN 40.2%
- estimated from NAS 3-4162 ‘IFJ
(Hours)
10 10
800°F | 104
10 900°F ' 10%
10 1000°F
10

24 26 28 30 32 34 36
LARSON-MILLER PARAMETER = T (20 + log t) X 103

FIGURE IV.F.III-3. Comparative Larson-Miller Plots of Air and Vacuum
Creep TestData for 0.25-0. 35 Percent Strain on Sheet
and Bar H-11 Based on a Maximum of 2000 Hour Data.
Note: All Bar Data From LM529., See Data Table<
IV.F.III-2, -3, and -5. (Reference: NAS 3-4162

and LM529)

Figure IV, F,III-3. Larson-Miller Parameter - H-11 Steel
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Figure IV, F. III-4. Larson-Miller Parameter - H-11 Steel
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Figure IV. F.III-5. Larson-Miller Parameter - H-11 Steel
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Figure IV. F.III-7. Creep - AMS6437 (H-11 Sheet)
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Figure IV, F.II11-8. Creep - AMS6437 (H-11) Steel
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Figure IV, F. ITI-11.
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TABLE IV, F.III-5. Vacuum Creep Data For AMS6487 (H-11) Bar

TEST: ASTM E139

Temperature (°F)

Stress (psi)

Duration of Test (hours)
Total Creep Strain (percent)
Time to Cause 0.2 percent
creep strain (hours)

Time to Cause 0.4 percent
creep strain (hours)
Plastic Strain obtained

on Loading specimen
(percent)

Test Atmosphere

See Larson-Miller Plot
in Figure IV. F.III-2 and -3

850
{100, 000
502
0. 30

260

(1)

Vacuum

900
90, 000
170
0.30

136

(1)

Vacuum

1, 000
317, 000
650
0.20

650

(1)

Vacuum

(I)Did not reach required strain.

(Reference NAS 3-4162)
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TABLE 1V. F.II11-6. Fatigue Data for H-11 Alloy, For Use in Plotting
Goodman Type Diagrams

Stress for Stress Stress
Temperature  Fatigue Stress 107 Cycles  Alternating Mean
(°F) Specimen  Ratio (A) (Psi) (Psi) (Psi)
800 Smooth Bar © 83, 000
800 Notch Bar o 48, 000
800 Smooth Bar 0.25 170, 000 34,000 136, 000
800 Notch Bar 0.25 128, 000 25,600 102, 400
'800 Smooth Bar 2.0 100, 000 66, 000 34, 000
800 . Notch Bar . 2.0 50, 000 33, 000 17. 000
| 1000 Smooth Bar i 76, 000
1000 Notch Bar et 32, 000
1000 Smooth Bar  0.25 137, 000 27, 400 109,600
1000 Notch Bar  0.25 111, 000 22,200 88, 800
1000 Smooth Bar 2.0 113, 000 75, 333 37,667
1000 Notch Bar 2.0 33, 000 22, 000 11, 000
A= Alternating Stress
Mean Stress (Reference NAS 3-4162)
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FIGURE IV, F.I11I-12. Modified Goodman Type Diagram For AMS6487
(H-11) Alloy. Test Temperature 800°F. Data
For 107 Cycles. See Data Table IV, F,III-6.
Test Sample Hardness - Rockwell C(44.5-
45,5) Air Test. (Reference: NAS3-4162)

Figure IV, F.III-12, Fatigue - H-11 Steel
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FIGURE IV, F.11I-13. Modified Goodman Type Diagram For AMS6487
(H-11) Alloy. Test Temperature 1000°F. Data
For 107 Cycles. See Data Table IV. F. III-6.
Test Sample Haraness - Rockwell C(44.5-45.5)
Air Test. -(Reference: NAS3-41 62)

Figure IV, F.III-13. Fatigue - H-11 Steel
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TABLE IV, F.I1I-7. Fatigue Data For AMS6487 H-11 Alloy.

Smooth Bar Samples.
Figures IV, F.I1I-14to IV, F.III-117,

TEST: ASTM STP 91

See Data Plots

Specimen

No.

248
245
242
111
103
100
104
102
101

109
115
113
112
107

130
123
124
108
122
117
119
133

248
128
118
110
116
114

129
241
126
127
134
128

247
44
138
135
137
138
243

Test
Temp. °F

800
800
800
800
800
800
800
800
800

800
800
800
800
800

800
800
800
800
800
800
800
800

1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000

A = Stress Ratio = Alternating Stress

Mean Stress

*No failure

Stress
Ratio (A)

0.25

e
N
>

0.25
0.25

(=]
.

[ +d
g

88888888

Max. Stress
(Psi)

72, 000
74, 000
78, 000
82, 000
84, 000
89, 000
94, 000
100, 000
110, 000

. 169, 600
171, 350
172, 450
175, 150
175, 150

97,995
108, 866 .
108, 866

112,250

115, 015

120, 050

124,932

135, 000

70, 000
80, 000
82, 000
90, 000
100, 000
110, 000

130, 000
134, 210
140, 000
152, 000
160, 750
170, 000

96, 400
102, 000
108, 000
114, 000
120, 000
129, 000
135, 000

N = Number of cycles to failure

(Reference NAS 3-4162)

Cycles to

Failure (N)

9, 891, 000
5,032, 000
2,736, 000
1,332, 000
4,680, 000
1, 130, 000
138, 000
80, 000
19, 000

12,047, 000
822, 000
186, 000

4, 000
2, 000

10, 000, 000*
628, 000

1,155,000 .

1,213, 000
1,386, 000
572, 000
190, 000
166, 000

8, 241, 000
1, 566, 000
863, 000
783, 000
33, 000

3, 000

5, 634, 000
7,974, 000
58, 000
29, 000
15, 000

2, 000

3, 094, 000
941, 000
3, 424, 000
1,600, 000
826, 000
394, 000
5, 000
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TABLE IV, F.III-8. Fatigue Data For AMS6487 H-11 Alloy
Notched Bar** Samples. See Data
Plots Figures IV, F.III-14 to
IV.F.III-17.

TEST: ASTM STP 91

e o - -

Specimen Test Stress Max. Stress Cycles to

No. Temp. °F Ratio (A) (Psi) Failure (N)
203 800 ® 40, 000 7.761,000
208 800 @ 44, 000 14, 000, 000*}
202 800 @ 48, 000 12, 245, 000
206 800 @® 50, 000 35,000
215 800 @ 50, 000 24, 000, 000
222 800 el 55, 800 15, 000
207 800 ™ 60, 000 7,000
211 800 ® 85, 000 4,000
221 800 0.25 125, 250 9,656, 000
256 800 0.25 130, 000 1, 000, 000
223 800G 0.25 131, 250 5, 100, 000
225 800 0.25 135, 750 396, 000
227 800 0.25 140, 400 92,000
231 800 0.25 147, 000 75,000
237 800 2.00 44,000 7, 873,000
252 800 2.00 45,900 13, 086, 000%
240 ) 800 2.00 47,000 10, 000, 000*
255 800 2.00 48, 250 1,601, 000
2587 800 2.00 49,950 14, 885, 000%
220 800 2.00 32, 500 50, 000
228 800 2.00 85, 000 13, 000
226 1000 ® 32, 000 5,272,000
218 1000 d 33,600 14, 995, 000
239 1000 ® 33, 000 10, 000, 000*
219 1000 ® 34, 600 127,000
217 1000 o 37, 000 30, 000
224 1000 ® 41, 000 8,000
235 1000 0.25 103, 950 13,733, 000%}
258 1000 0.25 105, 000 1, 108, 000
232 1000 0.25 110, 000 1, 145, 000
229 1000 0.25 120, 300 570, 000
233 1000 0.25 126, 500 914, 000
254 1000 0.25 128, 000 2,181,000
234 1000 0,25 129,950 1, 040, 000
236 1000 0.25 140, 000 958, 000
283 1000 0.25 140, 000 109, 000
230 1000 2.00 35, 100 10, 221, 000*
251 1000 2.00 40, 200 19, 533, 000*
249 1000 2.00 48, 200 1, 559,000
238 1000 2.00 50, 100 1, 380,000
250 1000 2,00 60, 000 21,000
253 1000 2.00 54, 895 77,000

A = Stress Ratio = il_"]s["_“ﬂ;hﬁ_&_"es_s N = Number of cycles to failure

ean dtress
*No failure
»*Stress concentration factor Ky =3.0 (Reference NAS 3-4162)
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Figure IV. F.III-14. Fatigue - AMS6487 - (H-11) Steel

466



(291p-ESVN :90ud1ajay) °g- pue L-II1°d
S$SaJ)S UBaN

‘AlSalqe], Bed 99S ‘00 ‘2 PUE G20 = ‘ssax)g SunjeuIaNVY
- v O1jeY SS8IS "IV Ul 4,008 18 PaIsel GF D [M00Y JE

(11-H) L8¥9SINV Jed yjoows pue paydIoN 104 ‘weaderd N-S ‘SI-I111°d "AT JUNOIA

| gUNTIVA OL STIDAD- N

g01 1,01 g0l g0t 301 g01
' mr 1 °
0t =y
1ed PAYINoN v ha
1vd PoOus ©
=v 0¥
- v v
0'Z=v B tn
/ﬂ{ \
08 m
=l >
00°z .. v .IO@ 0" (0] m
b =
oct 2
2]
SZ0=y =
z
cwﬁncou
-
_ gZ0=vV & & \v.l-l
o
(. _ | , _ _ w
(g-01 X oaniyed 0} 89124 = N 913UM) -1 002
(12d) ?3.8 + NYEYE "0~ N, 01 X 858910 +¢Ng 01 X LTVLTY ..LSS = #sang ondned (00008 s N S€1) ‘00°E=V 12}
(17d) —2:: + N LTLE00 0 - gNg_OT X S89L01 .&82 = ssang ondnkd ‘(9596 & N 5 5L) ‘SL°0=V .
Ied PoYdION 103
(15a) {¥s " T¥1 + NSISS690 0 - gN, 01 X 1%60% *0+gNg-01 X 1ZHE .c-_aS— = spoxg ondnEd ‘(00001 = N =991) 00°Z=V | 0¥2
(18a) [rz"SL1 + NSBBLI00" ;N, 0T X 289651 "0 +gNg. 01 X ¥eeerl .e.u 0001 = s5ang ondred ‘(LYOZI & N =) ‘ST0=V
g poows 104
| RTINS TN Y U 8 I I UV IR N W 1T -

Figure IV. F. IIIf15. Fatigue - AMS6487 (H-11) Steel

467




(zo1¥
-gSVN  :90uaJajay) °g- pue L-I1I1°d Al 83@& B)R( 998
. ~__§S9JI)S uRa|N
JIY Ul 9peIN SIS9L "o Ppue gZ°0 = §8o11S TrReuIoY
= VY OoIyey sSaxX)S ‘d.0001 78 palsal Gy D [[9M)o0Y Je
(1T-H) L8YISIV Jed yjoowS pue paydjoN JoJ uresSeid N-S °91-II1I°d ‘Al FUNDIA

JUNTIVA OL STIDAD - N

0
- -y v ~HL o
lllﬁ g IL]'
OO =—t— 08
_e 3.”]1!111]
Al —
Jljmqud[#ll T 3/ ONﬁ
TR - I//
! ] N &
. 29 T T
aeg ..oﬁ“_ah o i owl.lw 091
aeg oowss O .illL o
(g-01 X 2amjyed 0y 89136 = N 2IMM) —ooz

(154) [90L°L€ + NZVEFZ00°0 - Ny 0T X 6TEOE 0 +oNgy O X 169801 .e-u.xx: = swang an2ped ‘(000SI SN =8) ‘> =V
(15d) Ts. *SC - NTBEO *0 +;Ng_OT X £0592°0 - ¢N, 0T X 6L0TLI .e“_oS_ =ssang ondped ‘(00LET =N =0LS) ‘se'o=V _|
Teg fpoowg Jog

(rsd) —8.8- + NS9E20°0 - pN¢_OT ¥ £8209°0 -~ gNg-01 X 650€81 .&8.: =sgsaxg anfpuy ‘(ILISE=NSE) ‘@ =v  —

(ma)[S¥ €81 + NBZEES 0~ gNy 0T X 8:2.& 0001 = #8115 andned ‘(pE9s =N = 8) ‘sE°0=V
Ivg pagopN Jo5  —

TN

(ISd ¢01) SSTULS WANIXVI - S
468

Figure IV, F. III-16. Fatigue - AMS6487 (H-11) Steel
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Figure IV, F. ITI-17.
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MAGNETIC MATERIALS PROPERTIES SUMMARY

G. NIVCO ALLOY

A high-temperature, steam-turbine, blading alloy manufactured by the Westing-
house Electric Corporation, Blairsville, Pennsylvania.

Availability: Commercial -Single source
Nominal Composition: 23 Ni, 2 Ti, 1 Zr, balance Co.
Tested Composition: Ni Zr Al Ti Co

Bar 23.5 1.03 0.25 2.04 Bal
Sheet 23.9 ~1.00 0.33 1.96 Bal

I. Thermophysical Properties
A. Density 0.312 1b/in® 8.61 grams/cc
B. Curie Temperature 1800°F

C. Thermal Conductivity

25.5 Btu-ft **
tt2-hr-°F
" Btu-ft **
ft2 -hr -°F
8 Btu-ft (**
ft2 -hr -°F

1. At T2°F
2. At 900°F 18.
3. At 1100°F 17.

D. Coefficient of Thermal Expansion 721200°F 7.40x10°6 in/in-°F

E. Specific Heat

1. At T2°F 0. 102 Btu/1b-°F
2. At 900°F : 0.111 Btu/1b-°F
3. At 1100°F 0. 124 Btu/1b-°F

**Westinghouse Materials Manufacturing Dept. product literature.
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F. Electrical Resistivity

1. At 72°F 27.98 x 106 ohm-cm
2. At 900°F 52.27 x 10-6 ohm-cm
3. At 1100°F 60.73 x 10-6 ohm-cm

' hZardness of Rockuwall
. Magnetic Properties (All mmeticﬁ%erialsuwm
¢ 88-4smA) unless otherwise specified)
A. D-C Properties (Solid Ring)
1. Induction (Btjp) for H = 300 oerstedsat 72°F 12. 6 kilogauss
2. Induction (Bu ) for H = 300 oersteds at 800°F 12, 0 kilogauss
3. Induction (Bu )for H = 300 oersteds at 1100°F 11.6 kilogauss
4. Induction (Bhp) for H = 230 oersteds at 1400°F 9.9 kilogauss
B. A-C Properties (400 cps)
1. 0.014 inch thick laminations

a. Exciting volt-amperes, B = 6 kilogaussat72°F 183. 0.volt-

amperes/
pound
b. Exciting volt-amperes, B = 6 kilogaussat800°F 113.0 volt-
amperes/
pound
c. Exciting volt-amperes, B = 6 kilogaussat 1100°F 98.0 volt-
amperes/
. pound
d. Exciting volt-amperes, B = 6 kilogaussat 1400°F 27.3 volt-
amperes/
pound
e. Core loss, B =6 kilogauss at 72°F 96.0 watts/pound
f. Core loss, B = 6 kilogauss at 800°F 63. 0 watts/pound
g. Core loss, B = 6 kilogauss at 1100°F 54,5 watts/pound
h. Core loss, B = 6 kilogauss at 1400°F 51. 0 watts/pound

2. 0,025 inch thick laminations
a. Exciting volt-amperes, B = 6 kilogaussat72°F 149.0 volt-

amperes/
pound
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C.

b. Exciting volt-amperes, B = 6 kilogaussat900°F 94, 8 volt-

amperes/
pound

c. Exciting volt-amperes, B = 6 kilogaussat 1100°F 77.0 volt-

amperes/
pound

d. Exciting volt-amperes, B = 6 kilogaussat 1400°F 42.0 volt-

e. Core loss, B =6 kilogauss at 72°F
f. Core loss, B =6 kilogauss at 900°F
g. Core loss, B =6 kilogauss at 1100°F
h. Core loss, B =6 kilogauss at 1400°F

Constant Current Flux Reset Properties (CCFR)

amperes/
pound

80. 0 watts/pound
51.6 watts/pound
41, 3 watts/pound
27.0 watts/pound

Not applicable to NIVCO alloy, only measured on materials used

in magnetic amplifiers.

I11I. Mechanical Properties

A.
B.

Poisson's Ratio at 72°F
Tensile Properties (Bar Stock)
1. At 72°F in air '

a. 0.20 percent offset yield strength
b. Tensile strength

c. Elongation in 1.4 inch

d. Reduction of area

e. Modulus of Elasticity

2. At 900°F in air

. 0.20 percent offset yield strength
Tensile strength :
Elongation in 1.4 inch

Reduction of area )

Modulus of elasticity

S epoTe
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0. 320

112,400 psi
165, 400 psi
30.7 percent
43.6 percent
29.1 x 106 psi

89, 200 psi
133, 800 psi
21.0 percent
43.7 percent
25.7 x 106 psi



At 1100°F in air

epo Ty

0. 20 percent offset yield strength
Tensile strength

Elongation in 1.4 inch

Reduction of area

Modulus of elasticity

High temperature modulus of elasticity

a.
b'

At 1400°F
At 1600°F

Creep (Bar Stock and Sheet - 0.025 Inch)

1.

Bar Stock

a.

'b-

C.

Stress to produce 0.20 percent creep
strain in 1000 hours at 900°F

Stress to produce 0.20 percent creep
strain in 10, 000 hours at 900°F
Stress to produce 0.20 percent creep
strain in 1000 hours at 1100°F
Stress to produce 0.20 percent creep
strain in 10,000 hours at 1100°F
Stress to produce 0.40 percent creep
strain in 1000 hours at 900°F

Stress to produce 0.40 percent creep
strain in 10, 000 hours at 300°F
Stress to produce 0.40 percent creep
strain in 1000 hours at 1100°F
Stress to produce 0.40 percent creep
strain in 10, 000 hours at 1100°F
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89, 900 psi
124, 600 psi
24. 3 percent
47.0 percent
18.6 x 109 psi

9.7 x 106 psi
4.2 x 108 psi

92, 000 psi
90, 000 psi

oo 1

006
psi

100, 000 psi
95, 000 psi
75, 800 psi
63,000

* psi



s

2. Sheet, 0.025 inch thick*

a. Stress to produce 0.2 percent creep

strain in 1000 hours at 1100°F 29, 300 psi
b. Stress to produce 0.2 percent creep
strain in 10, 000 hours at 1100°F 16, 200 psi

3. Creep (argon or vacuum).

See Section C above for temperatures to 1100°F; above 1100°F
consult actual test data.

D. Fatigue (Air or Argon Test Atmosphere)
Smooth Notched
Bar  Bar (Kt=3)

1. 900°F fatigue strength for 107
cycles A= 60,000 35,000

2. 900°F fatigue strength for 107
cycles A=0,25

3. 1000°F fatigue strength for 107
cycles A = o

4, 1000°F fatigue strength for 107

135,000 135,000

60,000 35,000

cycles A = 0.25 128, 000 120,000
5. 1100°F fatigue strength for 107

cycles A=o 7 60,000 30,000
6. 1100°F fatigue strength for 10

cycles A=0.25 . 108, 000 95, 000

E. Heat Treatment

1. Normal heat treatment for use as solid inductor rotor material
in solid form and resultant hardness. Heat to 1725° + 25°F,
hold at temperature for one hour and water quench. Age 25
hours ?.t 1225° + 5°F. (Hardness = approximately 38-42 Rock-
well C). '

*The creep for sheet represents a very limited number of tests. Initial creep
data for material which had been solution annealed, quenched, cold finished
and aged was unexpectedly poor and is not worth presenting here. The above
sheet creep data were obtained with completely reheat treated test bars.
While the sheet creep properties do not approach those of forged bar stock,
a considerable reduction in creep rate is measured. A complete discussion of
Niveo alloy sheet and creep data are found in Sections II and III.
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Special heat treatment for use as laminated rotor or stator
materials. Heat to 1900° + 25°F,hold at temperature for one
hour and water quench. Age 25 hours at 1225° + 5°F.

(Aged hardness = approximately 38-42 Rockwell C.)
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 Figure IV.G.I-1. Specific Heat of Nivco Forging in Vacuum

Figure IV.G.I-1, Specific Heat - Nivco
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TABLE IV.G.I-1. Electrical Resistivity of Nivco Ribbon in Vacuum
Specimen No. 1, Continuous Heating
Width - 0.247 Inch, Thickness - 0.0255 Inches, Length - 11.54 Inches

Temperature Resistance Resistivity
(°F) (Ohm) (Microhm-Cm)

78 0.01313 . 18.20
200 0.01471 20.39
300 0.01666 : 23.10
400 0.01863 25.83
500 0.02116 ~ 29.33
603 0.02373 32.89
700 0. 02642 36.63
800 0. 02920 40.48

900 0.03231 _ 44.79 ]
1004 0.03610 50.04
1100 0. 03942 54.65
1200 0. 04305 : 59.68
1300 0.04693 65.06
1400 0. 04993 69.22
1500 ~0.05410 75.00
1600 0. 05751 79.73
1450 0.05368 74.42
1250 © 0.04912 68.10
1044 0.04221 58.51
850 0.03660 50.74
635 0.03100 42,97
450 0. 02655 36.81
250 0.02302 31,91
150 0.02130 29,53
79 0. 02017 27,96

NOTE: The above data are plotted in Figure IV.G.I-2

(Reference: NAS 3-4162)
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FIGURE IV.G.I-2. Electrical Resistivity of Nivco Ribbon in Vacuum,
Specimen No. 1, First Test. See Data Table

IV.G.I-1. (Reference: NAS3-4162)
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Figure IV.G.I-2. Resistivity - Nivco
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TABLE IV.G.I-2. Electrical Resistivity of Nivco Ribbon in Vacuum
Specimen No. 1, Continuous Heating
Width - 0. 247 Inches, Thickness - 0.0255 Inches, Length - 11,54 Inches

Temperature Resistance Resistivity
(°F) (Ohm) (Microhm-Cm)
™ 0. 02025 28.07
200 0.02184 30.28
300 0. 02370 32.86
406 0. 02565 35.56
500 0.02771 38.41
600 0. 02989 41.44
700 0.03246 45,00
821 0. 03566 49.43
900 0.03792 52.57
1000 _ 0. 04080 56.56
1100 0.04381 60,73
1200 0. 04660 64.60-
1300 0. 04895 _ 67.86
1400 0. 05293 73.38
1500 0. 05575 77.29
1600 0. 05832 80. 85
1450 0. 05360 74.31
1234 0. 04900 67.93
1050 0.04262 59.09
850 0.03681 51.03
650 0.03155 43,74
450 0. 02704 37.49
250 0.02319 32.15
150 0.02141 29,68
75 0.02031 28.16
NOTE: The above data are plotted in Figure IV.G.I-3
(Reference: NAS 3-4162)
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FIGURE IV.G.I-3. Electrical Resistivity of Nivco Ribbon in Vacuum,

Specimen No. 1, Second Test. See Data Table
IV.G.I-2. (Reference: NAS3-4162)

Figure I1V.G.I-3. Resistivity - Nivco
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Figure IV.G.II-1. D-C Magnetization - Nivco
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Figure IV,G.I1I-4, D-C Magnetization - Nivco
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Figure IV.G.II-5. Exciting VA, 400 CPS, Nivco
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Figure IV.G.11-6. Core Loss, 400 CPS. Nivco
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Figure IV.G.I1I-8. Core Loss, 400 CPS. Nivco
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Figure IV.G.III-12, Creep - Nivco Bar
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Figure IV.G.III-17. Creep - Nivco Bar
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Figure IV.G.III-19, Creep - Nivco Bar
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Figure IV.G.II11-20., Creep - Nivco Bar
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Figure IV.G.I1I-21, Creep - Nivco Bar
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TABLE IV.G.III-6. Vacuum Creep Data for Forged Nivco Bar

TEST: ASTM E139

Temperature (°F)
Stress (psi)

Duration of Test
(hours)

Total Creep Strain
(percent)

Tim.e to Cause 0,2
percent Creep Strain
(hours)

Time to Cause 0.4
percent Creep Strain

Plastic Strain obtained
on loading specimen
(percent)

Test Atmosphere

See Larson-Miller Plot
Figure IV. G, I I [———>

Larson-Miller Para-
meters* for 0.2 per-
cent Plastic Strain

Larson-Miller Para-
meters* for 0.4 per-
cent Plastic Strain

900
85, 000

496

0.66

65

- 225

0

Vacuum

43.3

44.0

1100
80, 000

356

0.07

(1)

(1

Vacuum

(1)

1)

1400

8, 000

163

0.10

(1)

(1)

Vacuum

(1)

(1)

1400
16, 000

0.52

0.65

1.95

Vacuum

55.5

56.4

(1)Did not reach required strain.
* Larson-Miller Constant = 30

(Reference: NAS 3-4162)

e e ————- ———" o - T < 2 o = e =0
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TABLE IV.G.I1II-7. Creep Data for Nivco Sheet Tested in Air

See Figures IV,G.III-28 to IV, G.III-25

TEST: ASTM E139

Temperature (°F)
Stress (psi)

Duration of Test
(hours)

Total Creep Strain
(percent)

Time to Cause 0.2
percent Creep Strain
. (hours)

Time to Cause 0.4
percent Creep Strain
(hours)

Plastic Strain obtained

on loading specimen
(percent)

Test Atmosphére

See Strain-Time Plot
in Figure IV.G. 111

900
45, 000

1,410+

0. 124

23

1100
30, 000

- 1,123

0.2790

690

1, 7704+

24

1100

35,000

1,172+

0.372

360

1,387++

24

1100

45, 000

668+|

0.589
91

389

24

1100%**

60, 000

163

0.6460

111

25

+Test incomplete
++Extrapolated

*Did not reach required strain
**Longitudinal specimen

(Reference: NAS 3-4 162)
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Figure IV.G.III-23, Creep - Nivco Sheet
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Figure IV.G.III-25, Creep - Nivco Sheet
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 TABLE IV.G.III-8, 900°, 1000°and 1100°F Fatigue Test Data for 107
Cycles on Smooth and Notched Bar Forged Nivco

Specimens
Stress for Stress Stress
Temperature Fatigue Stress 107 Cycles Alternating Mean
(°F) Specimen  Ratio(A)(1)  (Psi) (Psi) (Psi)
900 Smooth Bar ® 63, 000
900 Notch Bar co 40, 000
900 Smooth Bar  0.25 133, 000 26, 600 106, 400
900 Notch Bar 0.25 133, 000 26, 600 106, 400
1000 Smooth Bar © 67, 600
1000 Notch Bar © 33, 000
1000 Smooth Bar 0.25 129,000 25,800 103, 200
1000 Notch Bar  0.25 129, 000 25, 800 103, 200
1100 Smooth Bar o 62, 000
1100 Notch Bar © 32, 000
1100 Smooth Bar 0.25 108, 000 21,600 86, 400
1100 ‘Notch Bar  0.25 95, 000 19, 000 76, 000

W4 = Alternating Stress

Mean Stress

(Reference: NAS 3-4162)
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FIGURE IV.G.III-26. Modified Goodman Type Diagram for Forged Nivco
Alloy. Test Temperature of 900°F, 1000°F, and
1100°F for 107 Cycles. SeeData TableIV.G.III-8.

(Reference: NAS3-4162)

Figure IV.G.III-26. Fatigue - Nivco Bar
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TABLE IV.G.III-9, 900° 1000°and 1100°F Fatigue Test Data for Nivco
Smooth Bar Specimens in Air

TEST: ASTM STP91

Specimen Test Stress Max. Stress Cycles to
No. Temp. °F Ratio (4)(1) (Pst) Failure
300 900 ® 100, 000 1, 500
304 800 ® 80, 000 84, 000
305 900 @ 70, 000 - 662, 000
328 800 ® 65, 000 3, 194, 000
327 900 ® 80, 000 2,415,000
335 900 ® 5§, 000 10, 000, 000*
307 800 0.25 150, 000 23, 000
316 900 0.2% 148, 250 10, 000
314 200 0.25 143, 750 204, 000
312 900 0.25 142, 000 4,532, 000
333 900 0.25 138, 850 9, 000
3 900 0.25 136, 700 263, 000
a10 900 0.25 135,000 . 18, 000, 000*
308 1000 L] 90, 000 7,000
300 1000 ® 80, 000 96, 000
313 1000 ® 74, 000 563, 000
308 1000 ® 69, 750 3,639, 000
311 1000 L] 66, 000 7, 250, 000
337 1000 @ 82, 000 1,865, 000
340 1000 ® 62, 000 11, 360, 000
320 1000 0.28 - 150, 000 8, 000
322 1000 0.25 148, 250 8, 000
318 1000 0.25 143, 150 553, 000
302 1000 0.28 135, 800 828, 000
332 1000 0.2% 129,950 4, 488, 000
321 1000 0.25 128, 000 12,474, 000
317 1100 o 82, 000 31, 000
314 1100 L] 74, 000 200, 000
319 1100 ® 70, 000 722, 000
341 © 1100 ® 68, 000 3, 299, 000(2)
323 1100 L 68, 000 4,500, 000
343 1100 o 84, 000 4,885, 000(2)
303 1100 o 62, 000 8, 690, 000
324 1100 0.25 134,750 28, 000
330 1100 0,25 129, 950 159, 000
329 1100 0.2% 125, 800 299, 000
342 1100 0.25 120, 000 103, 000
326 1100 0.25 120, 000 716, 000
331 1100 0.25 115, 500 837, 000
336 1100 0.25 113, 000 3,657, 000
338 1100 0.25 112, 000 1, 605, 000
328 ] 1100 0.25 110, 000 9,830, 000*
() 4 - Alternating Stress
Mean Stress
@ Argon atmosphere
* No failure (Reference: NAS3-4162)
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TABLE IV.G.III-10. 900° 1000° and 1100°F Fatigue Test Data for Nivco
’ Notched Bar Specimens in Air

TEST: ASTM STP91

Specimen Test Stress Max. Stress Cycles to
No. Temp. °F Ratio (A)(1) (Psi) Failure
400 900 @ 55,000 18, 000
402 900 ® 50, 000 23, 000
406 900 ® 45,000 62, 000
404 900 L] 42,500 108, 000
409 200 @ 40, 000 10, 330, 000*
428 900 « 36, 000 55, 000
418 900 = 33,000 12, 000, 000*
438 900 0.25 1635, 000 17, 000
413 900 0.25 150, 000 121, 000
416 900 0.25 1485, 000 148, 000
405 900 0.2% 142, 000 78, 000
420 900 0.25 139, 150 8, 790, 000
410 900 0.25 ) 135, 000 10, 000, 000*
435 1000 ® 49,750 12,000 -
425 1000 » 40, 000 58, 000
412 1000 ® 317,500 10, 045, 000*
408 1000 » 35,000 9,791, 000
411 . 1000 ® 35, 000 15, 000, 000*
403 1000 Lol 30, 000 9,729, 000*
427 1000 0.25 153, 000 33, 000
439 1000 0.2% 145, 000 L 240, 000
422 1000 0.28 134, 000 9585, 000
419 1000 0.2% 125, 000 7,490, 000
417 1000 0.25 122, 000 8, 004, 000
441 1000 0.25 118, 000 10, 000, 000*
437 1100 @ 45, 000 16, 000
424 1100 ® 40, 000 36, 000
434 1100 = 37, 000 12, 250, 000
414 1100 ® 35, 000 2,419,000
1 42 1100 ® 35, 000 2,849, 000
433 1100 @ 30, 000 10, 000, 000*
438 1100 0.2% 144, 000 4,000
423 1100 0.25 134, 000 120, 000
440 1100 0.25 128, 000 65, 000
415 1100 0.25 120, 000 980, 000
421 1100 0.25 114, 000 805, 000
429 1100 0.25 108, 000 705, 020
432 1100 0,25 108, 000 822, 000
407 1100 0.2% 100, 000 1, 450, 000
430 1100 0.25 90, 000 2, 825, 000
401 1100 0.28 80, 000 15, 000, 000*
(1) A= Alternating Stress
Mean Stress
* No failure . (Reference: NAS3-4162)
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APPENDIX A

SYMBOLS AND DEFINITIONS

Amperes

Stress Ratio (see definitions)
Alternating Current

Hi .

Magnetic Induction in Kilogauss

Remanent Induction (see definitions)

Brinell Hardness Number

Maximum Induction, measures at Hp, (1)

Residual Magnetic Induction, or (frorh saturation) the
Retentivity (see definitions) (1)

Loop Squareness Ratio(l)

Saturation Magnetic Induction
Maximum Induction Reached During Magnetization

British Thermal Unit

Degrees Centigrade
Calorie
Cubic Centimeter

Vacuum Leak Rate, Cubic Centimeter - Atmosphere per
Second

Constant Current Flux Reset

Centimeter

Cycles per Second

Specific Heat at Constant Volume (for solids)

H; - Hy
Direct Current

Transverse Strain (see definition of u)
Axial Strain (see definition of u)

Degrees Fahrenheit
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Oe
Ohm-cm
Ohm -in

PPM
psi

Rockwell B
Rockwell C

S
SAT
SRA

. .
< <

btﬂQﬁ

Gram

Magnetic Coercive Force in Oersteds

Coercive Force (see definitions)

Peak Field Intensity (1)

Reset Magnetic {‘ield Intensity (see definitions)(1)
(See definitions)(1)

Kilogauss

Kips per Square Inch

Stress Concentration Factor (see definitions)
Kilovolt Amperes

Change in length divided by original le in thermal
expansion megsurements.” . © ngth in ther

Magnetic Field Annealed
Number of Cycles in a Fatigue Test

Oersted
Ohm Centimeters - Units of electrical resistivity
Ohm Inches - Units of electrical resistivity

Part per Million
Pounds per Square Inch

Hardness in Rockwell '"B" scale units
Hardness in Rockwell ""C" scale units (see definitions R,)

Stress
Bm
Stress Relief Annealed

Temperature
Time

Volt
Volt Amperes

Watt

Coefficient of Thermal Expansion - Alpha
Thermal Conductivity - Kappa

Poisson's Ratio (see definitions ) - Mu
Electrical Resistivity - Rho
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Definitions

A

Bq

Br

Bm -Br

Creep Strain

Fatigue
Strength

Gain

Stress ratio: defined as the ratio of alternating stress to
mean stress in a biased fatigue test.

Remanent induction; the magnetic induction that remains in
a magnetic circuit after removal of an applied magnetomotive
force.

Residual magnetic induction; the magnetic induction remain-
ing when the magnetizing force is reduced to zero.

Flux density change measured at zero reset magnetic field
intensity. It is a measure of squareness and is utilized to
determine the squareness ratio.

Total non-recoverable plastic deformation corrected for
thermal expansion and elastic strain.

The maximum stress that can be sustained for a specified
number of cycles without failure, the alternating stress
being completely reversed within each cycle. For this
program, fatigue strength was determined for 107 cycles.

- 4Bz - 4B , a measure, in terms of permeability, of
Hy - Hj loop steepness.(1)

Reset magnetic field intensity required to produce a cyclic
change of induction (4 Bg) equal to 1/2 the maximum flux
density change. (1)

Equivalent to the reset magnetic field intensity required

to produce a cyclic change of induction (ABj) equal to

1/3 the maximum flux density change. (1)

Equivalent to the reset magnetic field intensity required to
produce a cyclic change of induction ( ABg) equal to 2/3 the
maximum flux density change.

Magnetization force at which the magnetic induction is zero.

Hardness value in Rockwell "C" scale units using a 150
Kilograms load and diamond Braille indenter.
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Stress The ratio of the greatest stress, in the region of a notch or

Concentra- stress riser, as determined by advanced theory, photoelas-
tion Factor ticity or direct measurement of elastic strain, to the cor-
K responding nominal stress. Stress concentration factor for

NAS 3-4162 was calculated by the theory of elasticity. (2)

u =e/ e} = Poisson's ratio. The absolute value of the ratio of
transverse strain to the corresponding axial strain in a body
subjected to uniaxial stress in the elastic portion of the
stress-strain curve.

References:

(DG.E. Lynn, et al, "Self-Saturating Magnetic Amplifiers", Westinghouse-
McGraw Hill Engineering Books for Industry, New York, 1860, pp 127-128

(2) R.E. Peterson, ''Stress Concentration Desigh Factors', John Wiley and
Son Inc., New York, N.Y., 1953

General References:

Metals Handbook Vol. 1, 1961, 8th Edition, ASM.
The American Society for Testing Materials Specifications.
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APPENDIX B

BIBLIOGRAPHY

Appendix B presents a bibliography abstracted during the literature search-
phase of the program. The following is a summary of the general sources
consulted during the search:

Reference on Magnetic Materials

1) Ferromagnetism, book by R. M. Bozorth, 1951
2) Cobalt Monograph, book edited by Cobalt Information Center, Brussels,
Belgium and Columbus, Ohio, Battelle Memorial Institute, 1960
3) Metals Reference Book, by C. J. Smithells, 2nd Edition, 1955
4) Metals Handbook, Vol. 1, 1961, 8th Edition, ASM
5) ASM Review of Metal Literature - 1953 to 1963
6) Engineering Index - 1952 to 1962
T Encylopedia of Engineering Materials and Processes
8) International Critical Tables of Numerical Data, Physics, Chemistry
and Technology
9) Proceedings of IEE/APS Conference on Magnetism and Magnetic Mate-
rials - 1956 to 1963 (Supplements to Journal of Applied Physics)
10) Magnetic Materials Files of the Westinghouse Research and Develop-
ment Center - 1949 to 1963
11) Log Book of Magnetic Measurements Laboratories, Westinghouse
Research and Development Center
12) Technical Abstracts Bulletin (DDC Publication)(To 1963)
13) Physikalishche Berichte (German Physical Abstracts) - 1952 to 1963
14) Zietschrift fiir Angewandte Physik (German Journal of Applied Physics) -
1950 to 1962
15) Zeitschrift fiir Metallkunde (German Journal on Physical Metallurgy) -
1946 to 1963
16) Stahl and Eisen (German Steel & Iron Institute Journal) - 1946 to 1963
17) Russian Journal for Physics of Metals and Metallorgraphy (most of the
Russian papers on magnetic materials are published in this journal) -
1954 to 1963 ,
18) Journal of the Physical Society of Japan - 1958 to 1963
19) Nuclear Science Abstracts - 1956 to 1963
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20) ASM Computer Information Searching Service

21) Thermophysical Properties Research Center (TPRC)
22) Electronic Properties Research Center (EPRC)

23) Mechanical Properties Data Center (MPDC)

24) Defense Metals Information Center (DMIC)

The bibliography was prepared for IBM punched cards. It deviates from the con-
ventional practive for presenting references, but is of added value because of the
additional information which it provides. Titles of papers often deceive the
reader, therefore, a "key word" or ''descriptor" was defined for each refer-
ence. A code number at the end of the reference alerts the reader to the type

of property information available. The code selected is as follows:

0 Not applicable to this study, but considered of sufficient general
interest to warrant reporting.

Mechanical properties other than creep and fatigue,
Creep.

Fatigue, combined loading.

Welding, joining, fabricability.

Magnetic properties, :

Thermo-physical properties other than electrical.
Electrical properties.

Compatibility, environmental, other than liquid metal.
Compatibility, with liquid metal.

OO0 -IJMU i DN

The punched ca.rd format required three 80 column cards to complete the
reference. The format used in printing follows: .

Line
1 Bibliographic Sheet No, Material Name of Descriptor Author
Title
Periodical, Report or Book  Property
References Information

The property information code prints in column 70-79 of the third line and al-
lows a standard card sorter to be used when a search for specific properties is
initiated. The cards can also be computer programmed if a more complicated
search is required. The second letter of the Bibliographic Sheet Number indi-
cates the type material to which the reference pertains;: LM or RM being mag-
netic materials. The prefix L or R identifies the reviewing source which is
either the Westinghouse Aerospace Electrical Division or the Westinghouse
Research and Development Center respectively.
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Three printouts are presented in this Appendix: one listing the references in
numerical sequence; a second listing authors in alphabetic order; and a third
listing the key words in alphabetic order.

Topical Arrangement Page
Numerical Listing 541
Author Alphabetic Listing 556
Keyword Alphabetic Listing 571

539



540



VNP UUR VENPUI U SN

L9

1961 8L%1 d 91 T0A NVAVF J0S SAHd T
17v80I NI 133443 9INITVINNV DI113NOVW
1 INLIW L TONOYGWVS 17vd03

2661 92-%221 d G€Z 10A SI¥vd I2S QVIV ¥ D
S1331S 40 S311¥3d0¥d JILINOVW NO IN9ILVS 40 IININTINI
d INJUAVT V SIVAOH 11-H

1961 18%1 d 91 10A NVAVF J0S SAHd
17vE0) 40 9NITVINNV JIL13NOVW
It G I WVHVYI 11ve0?

1961 9902d 91 10A NVdVF J0S SAHd ©
17vE02 NI 123443 9INITV3INNY SS3IHLS
1 INLIW 1 TONOGHWYS 1ve03

€561 99-191 d % 10A SIISAHd 1ddvV r 11¥9
STAW NOVW J3dS 40 ALIAILISN3S dwW3i 3d

vV 1 370a3H ~ A¥O03HL

2661 86-156d S9 N0A NVdVF J0S SAHd J0dd
WSI13NOVWOUY3d 40 INIWLIVIYL SYINIZ

Vv 37val0IA0lL AYO3H1

€961 654 ST TOA AHAVY9O0T1IVLI3IW OGNV SIISAHd TWI3W NVISSNY
JYNLX3L 39N V HLIM 1331S YIWYOISNVYL J0 SI11¥3I40Hd ITL3INIVW
ZLIHSAIT ANV ACYVNNM x3and 34-IS

%661 169d S¥% TOA IJANMITIVIIW 4 17
02 06 HLIM SADTIV 03-34 40 SNOILVI3Y 3ISVHd OGNV S3I1143d0¥d
H SVWOHL 9 Y¥3ve 17v802 NOYl 0J 34

8%61 1d 6€ 10A IANMITIVIIW 4 17
SIVIIW 3YNd 40 SNINAOW-3 40 3INVAN3IdIAQ dW3l
M Y31SOM AYO3H1

L%61 612 d 8¢ TOA JANMYTIVIIW d 17
S311¥3d404d JI13INIVW 40 IINIANIJICA IYNIVYIdW3L
M HIVTYIO AY03H1

€T
Nﬁla
TIK
0TW1
bW
8W1
LW
€W
ZH

L)

541



0 ¢961 YVW BZ-€2Z d 00ZA HSILIYE vNynor
34 IS 6Z°t 40 AHJOUWLOS INV GNV HIMOYO NIVY¥9 NO S3
f W ZIIBIZSNAVW

2961 ddVv 82--126d €1 T0A AHAVY¥901IVI3
133HS JI13NOVW JO SSINNDIHL NO S311¥3404d
GV 13 Vv 9 ¥3TvIvd vV A VAONIVZ

0 @31va 10N N3S3
S133HS 13 INOD IS NI VNIWON3IHd SSOT J113
¥ 0734N3SHIO0

2961 ddV s%-t%Zd ¥1 T0A
32404
H NNVWITIH H ¥371713)M

¢961 66-L6Ld %1 T0OA ¥YSSN AHAVY¥I01IVI3
SAOTTV 03-34 30 NOILONAONI D113
A 9 VADIN3IHILINIHSd

2961 S9-%9%d #T TOA ¥YSSN AHAVY90ITVL3
S$7331S YIWYO4SNVYL NI
A 1T VAGUVHSHYION

€961 2e-L2ld »T T0A ¥SSN AHdAVY¥901IVII
34-1S NI NOILVWYO4 33¥NLIX3L1 38N3 3IHL INIYNd
T 9 ZLIHSAIT N A AONVNNX

€961 AVH Z22t-€1€ d #1 T0A
IS € INOD S133HS 1S-3d 40 S311¥3d0¥d NOVW
431310 ZNV9

0 1961 %8-61L 4 T T0A
71331 13 a
I d YAOZY08 VvV Vv AOQ343N

66-8661 €209120av
S311¥3d0Y¥d JIL13NOVW 20 @
J ¥ 11VH

AYLSNANI 434S ANV NOYI
I11dNdWl 3W0S 40 133d443
X34nI

W ONV SIVi3W 40 SJIISAHJ
JIL3INIVKH 40 3IN3IAN3IJ3A
TVY3INID

MN3LINHN3SI3 d 4 AIHOYY
NOVHW TVWYIONGV d40 S3SNvI
34-1S

NISAHd JLIANVMIONVY 4 17
JAIJY¥302 MO HLIIM 0J-34
03-34

W OGNV SIVI3W 40 SIOISAHd
NOVW 4O 33INIOAN3d3IA dW3Il
0J-34

W ONV STVI3W 40 SJOISAHJ
NOI 1VWY0d4 3¥NiX31 38N
x39NnJ

W ANV STVI3IW 40 SJIISAHJ
A9¥3N3 JIvIINS 40 310N
X39N2J

NISAHd JLIANVMIONV d 17
NO NOI1J23¥IQ 40 123443
X38NnJ

YSSN A90TONHI3IL-0¥ 12313
JIN3IIYO0-NON 037704 G10D
13318 IS

8196020V S1d30d3¥ VIiSV
NV Jv NO dW3l 40 173443
34-02) g€ OGNV L2

€IW

¢ZHT

T2ZH

0ZW1

6TW1

BIWT

LTHT

9TINT

STHWT

VAL A

542"



]

rA 2961 82 230 291 OW3W JIWA
S133r0Y¥d 1331S 9NI9V¥VHW M3IIA3Y 01 INIL3I3W NO 1¥0d43¥

IV 13 W V TTVH

1331S 3J9V-YVH

€ 2961 1SNInv 084-29-¥01-ASV
ST1331S HI9NIULS HOIH 30 d33¥D DIWVNAQ GNV 3INIILivd

4 ¥ NI1v¥a0u9 T1-H

1 €961 934 -\~ 0Z€Y1l-1VM ON 1¥0d3Y 9V TVNISHV NMOLYILVM

7331S OW-NDJ-IN)IBT 40 3ISNOCSIY INIIV

A S QT0ONYY

T1331S FOV-UVW

rA . €961 1d3S TT-€0%d 9GA ATHILYVND SNOILIVSNVYL WSV
3I71AY¥3S 4 930 0001 ¥O4 1331S ONIOVYVH

4 ¥ ¥3aNJ33a S NIINW0T4

71331S 39V ¥VH

2961 92--2Z€d YTIA AHAVYO¥OTIVI3IW OGNV SIVI3W 40 SIISAHd
WS INNWWO?D 40 SISVE TVIY3ILVW 0L NCILNGIYINOD SLI ANV SJIISAHd TVI3IW

A S AINSAGSNOA

AVY3IN3O

2961 % YVW NOILVWYOSNI TVYNYILNI ISNOHIONILSIM
60€62S ON S3AYND 1S31L NOVW ISNOHIONILS3IM

33VLS ISNOHONILSIM

1SVIIS IN3J¥3d T 34

0 ) 2961 1Z 1d3S S1/10 ON 1¥0d43¥ 8V 02 IZTIWHISWANIVA
JYNIVYIdWIL MOT LV SIVIYILVH DI13INOVW 1d40S

Y3AI3HISO ANV SNNRSSYV

34--00 0%

0 2961 3NNT T1-0€6d »TA ¥SSN AHAVYI0TIIVIIN ONV SIVLI3IW SIISAHM
SIVISAY) 1S-34 Q3W¥0430 40 AJOYULISINV SIS3UILSAH

9 8 ZLIHSAIT 9 3 VADSONOAI YN

X38n2

2961 66-L6Ld %1 A AHAVY90T1IVLI3IW ANV STIVI3IW JO SIISAHI
SAQI1IV 07-34 40 NOILJONANI JIL3INIVW 40 IINIONIHIA  IUNLIVYIdWIL

Q V AONONS A 9 JAOMXNIHILN3HSI

34-0)

LS6T %12 GNV 281 d STIVIY¥ILVAW JIL3INOVW 140S NOOSANVH
SdW31 HIIH OGNV S3IIININD3IYY HOIH LV 34-0D ANV 3d4-1S 3J-IN JO S311¥3d40¥Ud

JZI1IWHISHNNIVA

34-02 0S¢

H0GW1

€OSH

ZOSHY

TOSWT

62ZWT

BZH

LZKWT

9ZH1

"GZHT

HZHT

543



e 1 8661 1d3S SL13I3IHS VIVA TVIINHIIL 1331S HIYIA
, ZAMH IONITY¥31S H1Yld
44V1S INITH3ILS HINId T1331S 11-H

9 ¢21 1961 1d3S 9d 133HS VvIiva TVIINHI3L1 T1331S ¥3IIN3LYVD
¢88 13WO0YAd ¥ILNILYVI
44V1S 02 1331S ¥31N3dUvI 73318 T11-H

[ €961 130 NOILVIINNWWOD 3J1VAIYUd
X3T14VNAQ 40 mmnhmwaoma d33¥)
34Vv1iS dy0d 1331S 3I80ULIVT T1-H

9 1 _ NIL3TIN9 TVIINHIIL T331S 380ULVi
) X3T4VNAG ONIN3IQYVH ¥lV
44v1S 03 1331S 390¥LvI 13318 T11-H

€ 2 2961 9NV s01d 08%-29 ¥A1l ASV
ST331S HION3IYLS HIIH 40 d33¥D JIWVNAQ OGNV 3N9Iivd
4 ¥ X%J21d¥3a0uy T1-H

1 Yed 628%920QV VILSV
STIVIYILVW JITIVLI3IW SNAOTYVA 40° ITNAOW JI1SVII JIWVNAQ 3UNLIVYIdWIL (031VA3I3
G X NIWWIHS H M T111H 1331S 11-H

1 €961 8934 22¢€6620V VISV
7331S TT-H 40 YOIAVH3A TVNOILISNVYL YV3IHS ANV S31143d0¥d HIION
4 QIWH3S 7 £ A3NITS 1331S 11-H

ecl 0961 0¢ 1d3S ¥ITT JIWA
.mehm 14VHOYIV A—OW-¥D S ANV TT-H) S$1331S A0V A-OW-¥I §
d M HIVEHIV ¥ d¥Ouvd 1331S 11-H

¢ 6661 8Z 9NV 911 JINA
SITISSIW ANV L4VYOYIV ¥0d ST133LS AOTIV ¥IS
d M HI3EHIV ¥ 4 TVHUOW 13318 11-H

SY €961 8 120 S9Z€-€€968-9 d3I¥Y 1430 JNNVW STLW ISNOHONILSIM
YNANIWYIANS GILTIW WNNIVA JO0 ONISS3II0Ud 3H1L
H ¥ ddvil YNANIWYIANS

STGHT

YTISHT

EIGHT

Z1GHT

TTIGKWT

0TsH1

60GHT

B8OGKW1

LOSHT

SOSK1

544

————————— et e

- D



1 4

€

6561 NIL31ING TVIINHIIL d¥0D 133LS ANIHIITTY
: 7331S HLION3Y¥LS HI9IH V JVKWOLO0d
434V1S d¥0I WNIANT ANIHI3ITTV 71331S T1-H

€961 AINC d¥0I NOILVIAV NVOIY3IWV HLUON
N9IS3Q INVYSNIV FYNLVYIdWIL GILVA3II NI 1331S INIOVUVH

V [ AVH 1334S INIIVYVWIN

€961¢%2 AINT NOILVWYOINI AYVNIWITIYd SIIWVNAGQ TVY3INID
SONI9Y04 13315 3IVS OGNV T11-H -07%-IN6 (00€) OWOJIN 81 40 NOILVATIVAI
T ¥ S3INOP 1331S 11-H

€961%%2 AINC NOILVWYOINI AYVYNIWII3Ud SOIWVNAQ TVYINIID

SONI9¥04 13315 0%€%3vS ANV TT-H 02%-IN6 (00€) OWOIIN 81 40 NOILVNIVAI

9 el

9 %edl

71 ¥ S3aNor 1331S INI9VYVW IN

€961422 AINC 14v¥A AYVNIWITIUD IIWA
ST133LS ONIOVHVW TINDJIN 81 40 SITLUIAO¥d TWIINVHIIW 3HL
3 r 1139dWYD d O NOOW SI1331S INIIVYVH IN

2961%Z AINT 95T WNONVYOW3IW DJIWA
S1331S ONIOVIVW 40 S311¥3d0ud
9 0 HJIVOY 3 O N3NN3¥a ST1331S ONIOVYIVH

2961 230 NIL3ITING TVIINHIAL 0J 1331S 3901V
$I331S INIOVYVW TIXNIIN IN3IY3Id 81 3IHI
02 1331S 390¥Lv1 ONIOVYVH-IN

2961 92 AON 44VLiS 02 13INIIN TVNOILVNY3INI
133HS VIVQ WIY3IANI 1331S ONIOVYVW TINIIN IN3IIJY3Id 81
43V1S 02 IMIIN TVNOILVNYILNI T1331S INIOVYVH

2961 3INNT 133HS VIVA TVIINHIIL TIINIIN TYNOILVNYILNI
S13314S INIOVYVH

02 TIANIIN TVNOI1VNY3ILNI 73315 INIIVYVH

62d NI1377In8 TVIINHI3L d¥0D 13315 SJOTIAD IVSUIAINN
' T ON HIVWINN
44V1S SdOTIAD TVSYIAINN 73315 11-H

92GHT

T4

YZSN

€ZSHT

22K

T1¢SHT

0ZSHT

BIGKT

LTSH

91GHT

545



1961 NVI G6Z21d A90T0NHI31-0¥12313
SIVIYILVW JILIANOVW 40 NOILIVNIVAI TVINIWNOUIANI
1 @ NOQY¥09 dIYlS YNANIWYILNS

031va 10N NOILVWYOJINI Q3IHSIT8NdNN
ONILSVI 34-1IS IN3IDY¥3Id 68°0 ¥O4 VIvVa 1S3L1 IIL13NOVW
YIINID O + ¥ (M) ONILSVYI 34 T IS

2961 230 T1-010Td % ON GS 10A WSV 40 SNOTLIVSNVYL
T331S ONIOVHVW IN3DOY¥3d 81 ¥3dvd 40 NOISSNISIA
r a1314 IN 81 173314S ONIOVHVH

6661 170 INIYNLIVANNVW TVII¥L1I313
SIVIYILYW 3¥0D DIL3INOVW NO dwW3l 340 S173343
"H ¥ N3L1SAN1 W N3INSV d1¥1S ¥NAN3IWY3I4NS

1-2961
SGY¥023Y 1S31 HOWVASIY (M)
44V1S X38NJ

2961 HOUYVW NI Q313NANOD 1S31
SQY0J23Y 1S31 HIOYVISIY (M)
44V1S X39NnJ

2961 AON %-Td 169-%% 133HS V1iva TVIINHI3IL (M)
SY013v3Y¥ OGNV SYIWYO4SNVEL ¥04 SIY0T%3ENI
34v1S © o X349Nn)

LS61 834 T18-S19d WSIL3INOVW NO 3IINIYIJINOD Lv ¥3IdVd

ALISN3Q XNTd HITH HLIM TTVIY3LVW JT13NIVW 4007 ¥VYININVLIIIY MIN-UYNANIWYILNS

H G ANN3M 8 7 H 47009 dI¥1S YNANIWUIANS
296148 9NV SAY0IIY 1S31 8V HOYVISIY (M)
SA¥0I3Y¥ 1S31 AYOLVY09VT HIWVISIY (M)
44V1S X39nJ

€961 2330 133HS VIVQ ¥3LIN3ID NOILVWYOJINI dO¥d IINOYLI3TNI

SIVIYILVW SNOIYVA 40 VIVA IJI13INOVW ONV ALIATLSIS3IN
3 ¥34VHIS SAQTTIV 34-03-1IN

6WY

8WY

LW

WY

SWY

YWY

€Wy

ZnY

TWY

"LZSHY

546




|
i
“
|
!
!

8L9s 21 0961 TL-%9d A N d¥0D 9NIHSIT9Nd GTOHNI3Y
S3SN ANV A9¥NTIVIIW AYLSIW3HD S1I 17vHOD
S ¥ 9NNOA 17v80?

S €961 62 9NV NO Q3 L1INANOID 1531
SAQ¥023Y 1534 HIYVISIAY (M)
43v1S X39N)

S €961¢0€ 1d3S 2¢¢9 ON hmmIm_hwmh
22€9 ON 133HS 1S31 DJI13INIVW SBVT HOUVIS3Y
Y3IINID a + ¥ (M) 44V1S 800°dIYlS LZ OJY3IdAH

9 21 . 0961 HJVYIONOW 17vE80)D
HJIVY9ONOW 11Vv80)D

JINLIILISNI IVIYOW3IW 3771311VE 11v802

19S 1 . 8661 €1 d MNOOGANVH SIVIYILIVW INIYIINIONIT
WOOSANVH SIVIYILVW INIYIINIONI

7 9 TI3INVHW 11v809

L9 £961 1 10A MO0S Vivda
%009 ViVAa S311¥3d0¥d IVIISAHJOWYIHL 40 SAOTIV ANV IN3IW3T3 JITTVI3NW

¥3ILN3ID HOUV3IS3Y AINN 3NCuNd 11ve80)

S 6S61%ZT 9NV V-G10€-146S 13043 SIVIYILIVW INIYIINIONI (M)

SAOTIV 34-1v 34-02 34-NOIITIS J0 SITLY¥3IJ0¥d JIL3INIOVH IHL NO dW3L 40 133443
4 F Z11¥4d [ € MNYvI1) dIY¥lS L2 0J¥3dIH

8 Y 1 2961 YVW 9L-8S d T ON SS TOA WSV 40 SNOILJVSNVYL
13315 9NIOVYVW TINIIN IN3IY3d 81
f vV NVWGAT09 1 © HSV3 d ¥ ¥3XI30 IN 81 1331S ONIOVYVH

S 1961 YVW mmtmNNm& €= 2€ T0A SIISAHd 0Q3I1ddv
SIVIYILVA JILINOVW 40 ALITIEVIS 3YNLVYIdW3IL HIIH
N MITAVd dIY¥lS 22 0JY¥3dIH

S €96T%€ 1d43S 03L1INANOD S1S3IL SAY0IIY 1S3IL1 HIOYVISIU (M)
JSNOHONTLSIM SAY0IIY 1531 HIYVISIN
(M) dd4ViIS X34n?J

0ZwWY

6TWY

8 IWY

LTHY

STWY

VALR

c WY

ZTWY

TTIWY

0TWY

547



196%¢€21

19s 1

8L9G6HECT

9s¢ 21

be

0961 1 1d3S <h<a.4<u—zzumh S3T4 1430 SITLINIVW HOUVISIY
viva TVIINHI3L S3T14 1430 SIT13INIVK HIWVIS3IH
(M) ¥3IN3J 4G GNV ¥ 44VIS dIY1S YNANIWYI4NS

6561 170 LTIT1-66 ¥3IdVd SNOILIJVSNVYL 31V
SIVIYILVA 3¥0D 340 d0¥d I113INIVH NO dW3l HIOIH vidlin 40 S1J3343
¥ N31SONT W AMISY dIYlS YNANIWY3IANS

2961 OT1 9NV 1¥0d3¥ Vviva 3ISNOHONILIS3IM
1490d3Y VivQd 3ISNOHONILS3IM

ASNOHINTILS3IM d44VIS ONIOY¥O0d 0T OJAIN
1661 19-192d INI 03 ANVYISON NVA @
WSTL13INIVKROWY3S

W ¥ H1Y¥0Z09 17ve03d

2961 d¥0I 71331S WNIANT ANIHOITNTIV AG (G3HSITNE9Nd Viva
ST331S ONIOVUVW YVWIV
d¥0J 13315 WNIANT AN3HIINY 9404 1331S 9VYVW IN

€961 € 120 0429= 133HS 1S3t
133HS 1S31L JI13NIVW SOV HOYV3ISIY
a+¥d (M) ONIOY04 1331S Y¥YVKW IN

€961 d¥0I T1331S WNIANT ANIHIITIV A8 (Q3HSIENd viva
(1HO08Z2) ST YVW1V
dd0d T1331S WNTIANT ANIHIOITNV T1331S ONIOVYVH IN

€961 2 1200 02 ON 81-Gd B8TA LN3IWINddNS SMIN NI1IS3C
S$7331S 1HINOYM
rf 3 S3AINV43LS ONIJY¥04 1331S Y¥VW IN

€961 ATNM €-18d T ON ¥8A SSIYI0Ud IVI3INW
ONIQTIM-STIIILS ONIOVYUVW HIIM ONINUOM
IV 13 V G NVIIWY0D 3 I TIIUIHLIM 9¥0d T1331LS IVHVW IN

€961 ANT L-%Ld 1T ON %8A SS3IYI0Ud TWI3INW
ONIO¥04-ST1331S ONIOVUVW HLIIM ONINYOM
g ¥ SHUVS 9¥04 1331S OVHVKW IN

OenY

6ZWY

8ZWY

L2WY

9ZWY

G ZwWY

YWy

EZWY

ZZWY

1ZWY

548

e




et A b et d e st e

L9S

L9

Sy

L9%%

9s

1

1

A

rA

8S61 9NV LLYd ZTZA IWIV SNVYL

17v807 218N ONV TVNOOVX3IH 40 SNINAOW SONNOA OGNV NOILDIYd TVNUILINI

H 3 ¥3N33¥9 3 W 3NIJ 17ve0d

0961 T 1d3S S37Id4 1430 SII1I3INIVW-SBVT HOYVIS3Y
S$3713 1430 SIILINIVW-SBVT HIUVISIY
SEY HIYV3ISIY (M) dIdi1S YNANIWY3CNS

%661 L11d YOOYONVH STVIIW 3JYvYH
YOOSANVH SIV13IW I¥VvY
V 3 T3dWVH 11ve0d

€961 €2 AVW 1d-T9%-1H1-€9 ¥3dVd HIUVISIH (M)
SACT1IV NOYI 17v€0J JI13NIVW 140S
M J N3HD dIY1lS YNANIWYILNS

€961 €2 AVW 1d-1%%-1%T1-€9 ¥3IdVd IIIIINIIIS S8V SIY (M)
SAQTIV NOY¥I 17v802 DJIL13INIVW 1d40S
M 2 N3HD dIy¥iS 12 0J¥3dIH

€961 143S TT1-€0%d € ON 9SA WSV JO SNOILIVSNVYL
3J1AY¥3S 40001 ¥O4 T133LS INIOVYVW
4 ¥ ¥3NI30 S N3IJWO0TS 9304 1331S INIIVYVNW

$¥9-€961 612d MOOSANVH ¥Y3LIN3D 0 ANV Y
SII11NVNOY¥3V/3IVdS
(M) ¥3IN3D 4 OGNV ¥ d4dJViS 9404 13315 ONIIVHVW

856161 INNT 1430 9YONI SIVIYILVW ISNOHINILSIM JO ¥3IL113T
1430 9Y¥9N3 SIVIYILVW ISNOHIONILS3IM JO ¥3I1137
¥ S 4 TINHS dIY¥1S YNANIWYIINS

0961 2 934 vivad HI31 S311Jd 1430 SITIINOVW HIOYVIS3N
viva HI31 S3114 1430 SOIILIINIVW HIUV3S3IY
(M) ¥3ILIN3D G OGNV ¥ 44VIS ONI9Y04 L2 0J¥3dIH

0961 21 934 VIvVQ HI31 S3ITVI4 1430 SITLINIVW HI¥VISIV
viva IVIINHI3L S3T1d4 1430 SIILINIVW HIYvVIS3N
(M) ¥3iIN3D G OGNV ¥ dd4VIS dI¥lS 22 0J¥3JdIH

OYWY

6EWY

BEWY

LeWY

9EWY

SENY

YeWd

EEWY

ZERY

TERY

549




€961 81 ATNF TB8T9 ON 1S31 JIL3INIVHW
1819 ON 1S31 JI13NIVW

SEVT HOYV3S3Y (M)
SAVI HOYVIS3IY (M)

gV HJYVIS3Y¥ ISNOHONILSIM ONISYO04 1S ONIIVUVNW

1961 91 9NV 2.0 ON 1S31 IJIL3INIVW
2L0S ON 1S31 JIL13INIVHW
8V HIOYV3IS3IY¥ ISNOHONILS3IM

1961 91 9NV 220S ON 1S31 JI13INIVNW
2L0S ON 1S31 DIL3NOVHW
8V HIYVISIY 3ISNOHINILSIM

1961 ST 9nv 2206 ON 1S31 JI13INOVW
¢L0G ON 1S31 JI13NIVW
gV HOYV3IS3Y ISNOHONILS3IM

1961 o1 9NV 2206 ON 1S31 JI13NIVW
2L0S ON 1S31 JIL3IN9VNW
V1 HIYVISIY 3ISNOHONILSIM

2961 62 1d3S 181G ON 1S31 JI113INIVW
L81S ON 1S31 JI13INIVHW
8V HIOYVIS3Y ISNOHIONILSIM

2961 9 1d3S 2%1S ON 1S31 DJI13N9IVH
¢%Ls ON 1S31 JIL3INIVNW
VT HYV3IS3IY ISNOHINILSIM

¢961 61 HIYVW 20%S ON 1S31 IJI13INIVHW
¢0%S ON 1S31 JIL13NI9VHW
V71 HIOYV3S3IY ISNOHINILSIM

SOV HOYV3IS3IY (M)

SEVT HUVIS3Y (M)

dIylS L2 0JY¥3dIH

S8V HIYV3IS3IY (M)
SEVI HOYv3S3Y (M)
dIYlS 12 02¥3dIH

SEV HIOYVIS3IY (M)
S8V HIOYvV3ISIY (M)
dlYlS L2 0J¥3dIH

SEV HOYVISIY (M)
SEVT HOY¥V3IS3IY (M)
dlYisS 12 0J24¥3dIH

S8V HOUV3SIY (M)

SEVT HIOYv3IS3IY (M)

dIdlS 0S OJY3dIH

SEV HOY¥VIS3Y (M)
SHVT HYVIS3IY (M)
dIYlS 0S 0J¥3dIH

S8V HOYV3IS3Y (M)
S8V HIYv3ISIY (M)
dIY¥iS 0S 0J¥3dIH

1961 0¢ mwu 06L% ON 1S31 JI113IN9VW SEV1 HOWVISIy
(ISNOHINILS3IM) 06L% ON 1S31 IIT13INOVW S8V HOUVISIY

V7 HIYV3IS3IY (M)

ON1I9¥0d4 OJAIN

1961 L1 934 06LY ON 1S31 DJI113N9VW S8V HO¥V3ISIM
(3ISNOHONILS3IM) 06L% ON 1S31 DILI3INOVW S8V HIOYVISIY

gV HIYv3IS3IY (M)

ONIOY¥04 OJAIN

0GWY

6%WY

BYWY

LYWy

9% WY

SHYWY

YWY

124k

29wy

THWY

550



e ettt b S b o vt e et e B

L9

L9s

0961 € 93d 6%T% ON 1S31 JI13INIVW SAVT HOYVISIYH (M)
6%1% ON 1S31 JI13INOVW S8V HOYVISIY ISNOHONILSIM
2V1 HJIYV3S3Y¥Y 3ISNOHONILS3IM dIY¥lS L2 0J¥3adIH

¢961 130 %T1d ONIYIINIONI N9IS3A NI SIVINILIVW
SADTTIV ¥3d4NS 3ISvE 11vE0D ANV 11vE80)D
ONITY3I3INIONI NOIS3Q NI SIVIY3ILVW 44VIS 17v80)

€961 130 STTd ONIY3I3INIONI N9IS3A NI SIVINILVNW
JHONOYM 1SVI SACTIIVY3d4NS 3Sve 11veE0)d
ONIYI3INIONI NOIS3IQ NI SIVIYILVW 43ViS OJAIN

€961 834 16-06 d INIYIINIONI NIIS3A NI STIVIYILVW
JYNLIVYIdHIL ANV 1V ALTATLONGNOD TVWYIHL HAVYOOWON
T ¥ S¥313d 11ve0d

LS6T 81 AON DD ONIY3I3INIONI QION¥Y 40 €11-D1 NIL3711N8
0J ONIY33INIONI GIONYVY 40 €11-21 NIL3TINnG
037 ONIY33NIINI Q0NYV dI¥1S YNANIWYILNS

¢961T AVW STT-€T1T d ONIY3IINIONI N9IS3G NI SIVIUILVNW
SN7d J4 0€e6 Y04 SIVIYILVW DILINIVW 1d40S
9 SOUVIVd 9 0 QTON3IE0Y H ¥ ddvil dI¥iS L2 0OJ¥3AdIH

6S61 L1 230 080% ON LS31 JIL13NOVW SOV HIOYVISIY (M)
080% ON 1S31% JIL13NIVW SOVT HOUVISIY ISNOHONILSIM
8VT HOYV3IS3IY ISNOHONILS3IM ONIO9¥04 OJAIN

€961 HIOUVW ONIYIINIONI NOIS3IA NI SIVIYILVW
ST33LS INIIVYVW OGNV ST133LS SSIINIVIS JILINILSNV
ONTYI3INIONI NOIS3IA NI SIVIYU3LVW d44VIS TINIIN 1S ONIOVUVNW

0S6T1 #Z ACON LT€99¢ ON 3AUND 1430 9YINI STIVIYILVH (M)
LT€E99¢ ON 3AUND 1430 INTYIINIONI STIVINILVW ISNOHINILSIM
Y1 HIYVISIY ISNOHINILSIM dI¥lS L2 0J¥3dIH

S%61 ¢ 834 988 ON OW3W 1d30 9YIN3 STIVIYILVHW (M)
988 ON OW3W TVII9UNIIVIIW ISNOHINILSIM
J M INIQYVH 12 0J¥3dIH

19WY

09Ky

65SHY

LSWY

9SWY

SSRY

HGWY

eShY

CSHY

TSHY

551



S 0961 AVW L€2d S ON TEA IN3IWITddNS SIISAHd A317ddV 40 TVNINOC
J 00S LV Y¥YNANIWYIANS 40 SIOILISIYILIVIVHI

3 9 NNAT W 3INIINNVT dIY1S ¥NAN3IWYIANS

L9s 1 1661 60Z-061d ONI 03 ONVYLISON NVA O
(%009) WSILIINOVWOYUYIS

W ¥ H1¥0709 L¢ 0J¥3dIH

S 6661 1d3S 686-586d SIVI3IW 40 TvNuNOr
A0V 0D IN3JU3d 0S-NOY¥I IN3JU3d 06 40 INIWLVIYL LV3IH DJ11INOVW ANV ININYIQYO
d  HISEIT d 9 GYVYNOD I ¥ 11VH 0S 0J¥3dIH

b €961 AON SLB8%-SI8%d 1T ON TH%A IN3W3IT4IANS TVNYNOF INIGIIM

T331S ONIOVIVW T3INIDIN INIJYH3Id 81 40 ALITIGVATI3IM
V M VEi139VYd 3 O TT13YIHLIM 9¥04 1331S INIIVUVNW

1 €961 YVW %02-00Z2d €ON STA STIVIIW 40 vNi¥NOr
ST331S ONIOVYVW NI SIN3IW3T3 TVNAIS3Y 40 S133J433 3HLI YV LVHM
W 1 NVYIA f D MVAON TINIIN TLS INIOVHVW

5 1961 YVW S99€d €ON Z€EA 01 LIN3IW3INdAANS SIISAHA Q311ddV IVNYNOT
SAOTIV 17v803 NOYI ALIdNnd HOIH 40 S311¥3d0¥d IIL13INIVW GIAOYdWI
ar S G T1INHS dIYlS YNANIWAILNS

8L96%¢€ 1 ¢96T1T AVAW OTT1-20Td ONIY3IINIONI NIOIS3A NI SIVIdILVW
S1331S INIIVYVYW 3HIL
ONTYIINIONI NOIS3A NI SIVIYILVW 44VIS TINIIN LS INIOVHVW

9% 1 2961 130 INIY3IINIONI NOIS3A NI SIVIYILVW
IHONOYM-STIILS HIIN3YLS HOTIH vdlINn
ONIYIINIONI NOIS3IA NI SIVIYILVW d44VIS TINIIN LS INIOVYVW

S 0961 2 834 6%1% ON L1S31 IJI13INIVW SEVI HOY¥YVISIY (M)
6%T% ON 1S31 JI13N9VW SAVT HOUVISIY ISNOHINILSIAM
gV HIUV3SIY ISNOHONILSIM dIYlS L2 0JY¥3dIH

y 1 2961 AON 918d 1T ON TTA SIVIIW 40 IVYNYNOCP
ONILI3W Wv3E NOY12313
TV 13 3 4 NITY3IW ¥ S 3T79v3aS 133HS 17v40D

2wy
0LNWY
69WY
89WY
LIWY
99wy
SOWY
YWY
E9WY

29WY

552



S

0961 VIVQA HI31 1430 YIWHO4SNVYL ALIVIIILS (M)
S3IY0I YNANIWYILNS

ViVa HI31l 1d30 Y3IWYOJISNVYL ALTVIIIdS ISNOHIONILSIM dIYlS YNANIWYIALNS

1 2961 Z AON €-T1d Z1-11L ON 18Nd 0D 13INJIIN TTVYNOILIVNY3INI

13315 ¥VW IN IN3JY3IdB8T HLIINIYLS QI3IA ISN00Z TVNIWON L33HS VIVA AYVNIWITI3Yd

L9

19%

02 INIIN TVNOILVNYILNI T3INIIN 1S INIIVYUVH

0961 330 S37I4 SAVIYILVH JILINIOVW S8V HOY¥VIS3IY (M)
ISNOHINTILSIM S3ITId STVIY3ILVW IJI13INOVW S8V HOWVISIY
8V HIOYV3ISIY ISAOHINILSIM LZ 0JY3dIH

A . 1961 921d NOILIG3 ANZ YOOGANVH STIViIIW 3dvy
NOIL103 ONZ YOO9QNVH SIVI3IW 3dvY
V 3 13dWVH 11ve0)

1 0961 92 9NV S371d4 STIVIY3LVW DJILINIVH SEVT HIOUVIS3I™ (M)
S3TI4 SIVIYILVH JIL13INOVHW SOV HOYVIS3IY 3SNOHIONILSIM
gV HOYV3IS3Y ISNOHINILSIM dIY¥lS 0S 0JY3dIH

A 0961 81 AVW _S3714 SIVIY3ILVW JIL13INOVW SEVT HIUVISIY (M)
S3TI4 SAIVIYILVW JILINIVW SEVT HIYVISIY 3ISNOHIONILSIM
gV HIYV3ISIY ISNOHONILSIM dIY¥lsS 1Z OJ¥3IdIH

[A | 0961 81 AVW S3T1Id4 STIVIWILVW DILINIVW SAVT HOYV3IS3IH (M)
S3714 STIVIYILVH DJIL3INIVW SHEVT HOUYVISIY ISNOHONILSIM
8V HJIYV3IS3Y¥ 3ISNOHONILS3IM dIdlsS LZ 0J¥3dIH

1 €961 1d3S 9¢€-1€d SS3IYI0Yd SAVI HIYVISIY TVAVYN NO 1¥0d3I¥
YOIAVH3E8 LINIOF GI3M 40 AQNLS TVINIWVANNI
9 % QAO01 d d AVZINnd TINIIN T1S INIOVYVHW

1961 L HOYVW 9%€Z ON 1¥0d3Y¥ WYV ¥IV ISNOHINILS3IM
YNANVAOD 0D 1331S Y3 UINIJYVI 40 NOILVNIVAI
W IINIIYNVT W  J30¥VZVX dIY1lS YNANIWY3I4NS

€961 01 x<z 1¥0d3d HOYV3ISIY ISNOHINILSIM AIHSITGNINN

1S31 IYNLVYIdW3L HOIH X38ND
N YI7nvd X38n?d

Z8WY
18WY
6LWY
8LWY
LiWY
9LWY
SLWY
YWY

(XA}

- ZIWY

553




S

S

€

1

1

1961 120 9¢%*2 d4 051-2%
1430 94W S1NW

0s1-2¢s

1430 9dW SLINW

1961 130 051-25

1d30 94W SIVIY3LVH

NIL1377N8 1430 94W STLW ISNOHONILSIM
SONILSVI AGNVY SAOTIV JI113INOVHW
ISNOHINI 1S3IM dIY1S YNANIWYILNS

NIL37INE 1430 94W STIW ISNOHONILSIM
SONILSVI ANV SAOTTV JI13INOVHW
ISNOHIONI L1S3M INILSVI 09 0JY3dIH

NIL3TINE 1d30 94W STIW ISNOHINILS3IM
SONILSYD ANV SACTIIV JDIL3INOVH
ISNOHIONI LSIM L2 03¥3d1IH

1961 %2 834 002-1€886:-9 1d3Y¥ 1430 94dW STIW 3ISNOHINILSIM
SONTLISVD INIWLISIANI 06°%G6€¢22 0OIY3IHIH 40 SITLU3IJ0¥d ITISNIL ANV IIL3INIOVH

9 G GI0oN3avY INI1SVI 06 0J¥3dIH

1961 %2 934 00Z-1€886-9 1d3¥ 1430 9d4W SIVIYILVW ISNOHINILSIM
SONILSVD INIWLISIANI 06°G€°22 02¥3IdIH 40 SITLYIdOUd ITISNIL ANV DIL3INOVW

1331S INIOVYVH

02 TIINJIIN TVNOILVNYILINI

9 0 J770N38VY SONILISVI LZ OJY3dIH

2961 AON X008 V1ivVa 1331S ONIOVYVHW
TINIIN INIIY3Id 81 NO Viva JAILVINTL
TINIIN TLS ONIOVYVH

0961 T YVW 6%1% ON 1S31 JIL3INOVW SITI4 SEVT HIYVISIY (M)
6%T% ON LS31 JIL3INIVW SITId SAVT HOYVISIY ISNOHONILSIM

gV HJOYv3IS3Y 3ISNOHINILS3IM

dI¥YlS LZ 0J¥3dIH

1961 6 3INNF 26LT1-17 ON 1¥0d3d SOV IINVWIOIYId (M)

UYNANIWYIANS JO NOISNVAXI TVWU3IHL
9 ¢ 1089vS YNAN3IWYIANS

J-120-6€886-8 140d3¥ 94W STIVIYIIVW (M)
J-120-6€886-8 140d3Y 94W STIVIUILVW ISNOHONILSIM

H ¥ ddvil 9 SOYvIvd

L2 0J¥3dIH

6561 LZ AINF I-1€0-6€886-8 ON 1¥0d3¥ 1430 9dW SIVIYILVHW (M)
YNAN3IWYIANS 40 INIWAO0I3IA30Q 37VIS 1011d

H ¥ ddv¥dl 9 SOuvIvd

YNAN3IWY3dNS

Z6WY

T6WY

O6WY

68WY

g8WY

18WY

98WY

SEWY

Y8WY

c8WY

554




4 e i A e e o o i B 2 <

A

1

s 2

s 21

s 21
195 1
L9s 1

1

€961 230 %€-826 d 21 ON STA SIVI3IW 40 TVNYNOTP
SW3I1SAS Y¥Y3MOd 3IVdS ¥0J SAOTIV 3SVE-1TVE0I
S VHIT 1 Y MOOUSHSY I [ 3IHIIYS N3LSONNL-17vE80I

1961 22 120 091 1d3¥ ILNLILSNI TVIYOWIW 377311ve IIWG

SIYNLVYIdW3L Q3ILVAITI Y04 STIVI3IW 0L NOILINAOYLINI-
VI3 r H YIN9VM 8 H NIMAD09 3 f T138dNWVI 11va0)

09/1/6 S3714 SIVIYILVW DIL3INOVW SEVT HIYVISIY ISNOHIONILSIM
S3714 STIVIYILVW JILINIVW SEVT HOUV3ISIY ISNOHINILSIM
V1 HOYV3SIY 3ISNOHINILSIM IONIOY0d LZ OJYU3dIH

0961 81 AVW S3TI4 STIVIUILVW JIL3INIVH SEVT HIUVISIY (M)
S371d4 SIVIYILVW JIL3INIOVH SOV HIYVISIY ISNOHINILSIM
gVl HOYv3S3IY ISNOHONILS3IM INILISYD L2 0JY¥3dIH

0961 81 AVW S3TVI4 SIVIY3ILVW IJIL3INIVW S8V HIWVISIY (M)
S3T71d4 SIVIYILVW DI13INIVW S8V HIYVISIY ISNOHINILSIM
gV HIYVISIY ISNOHONILSIM INI9Y04 LZ OIY3dIH

1661 60Z-061d INI 0D GNVYLSON NVA @
(M008) WSILINIVWOUYIS
W ¥ H1¥0Z09 0S O0J¥3dIH

2961 AVH GTT-€1T d ONIYIINION3 NIIS3a NI SIVIYILVHW
SN1d 4 0€6 Y04 SIVIYILIVW IILINOVW 1d40S
9 SOYWVIVY 9 G GION3E0Y H ¥ ddvil dIYLlS YNANIWYILNS

1961 9-%€1d SS3¥d AINN QYOJANVIS MOOS

SAOTIV ONV SIVL13IW 40 S3I11¥3d0dd TVIINVHIIW 3HL NO dW3L 40 3IININTINI 3HIL

W 3 ANSLIAVS - 171vE80)

LOTWY

901HWY

SOTHWY

Y01WY

€0TWY

ZOTWY

TOTWY

YoNWY

555



199 1

199 1
9 [4 !
19
0d
0
S
1
9 <21
BLI9GHECT
9 21

1661 60Z-061d ODNI 02 GNVYLISON NVA Q@
(M008) WSIL3INIVWOYY3IS

‘ W Y H1Y0Z09 L2 02Y¥3dIH
1661 19-192d INI 03 AONVYLISON NVA @
WSI1IN9VWOUYUI S

W ¥ H1Y¥0709 13v80)

0961 HJVYOONOW 17Vv802

HdVYOONOW 171V80D

JINLTLISNI TVIYOW3IW 377311VY 1veo?d
%661 169d S% T0A FJANMITTIVIIN 4 17

0S HLIM SAOTIV 07-34 40 SNOILVI3Y 3ISVHd ANV S311¥3d0¥d
H SVWOHL 9 ¥3ve 17v80J NOYI

2961 12 1d3S ST/10 ON 130d3¥ 8V7T 03 3IZT1IWHISWNNIVA
JUNLVYEIdWIL MOT LV SIVIYILIVW JIL3INOVW 140S
Y3AI3HISI ANV SNWSSV 17va9000S—-NOY I

LS61 81 AON 0J 9NIY3I3INION3 GI0ONYV 4O €11--21 NIL3TING
0J ONIY33INIONI QTIONYY 40 €T11--21 NI13TIng
0 ONIY3IINIONI 410NV dIYLS YNANIWY3ILNS

€961 934 TT/1°0Z2€¥l--TVM ON 14¥043¥ 9V1 TVNISHV NMOLY3ILVM
T1331S OW-NJ-IN)IBT JO ISNOIS3IY 9INI9V
A S QTONYY T331S ONIOVYHVH

€961 d¥0J 1331S WNTIANT AN3HI3TTV A8 GIHSITENd vivda
(1HO08Z) ST YVWIV

dd0d 1331S WNIANT ANIHO3ITTW T1331S ONIIVYVW
2961 d¥0Id T1331S WNIANT ANIHOITIV A8 A3HSINENd viva
. ST331S INIOVYVW YVHIV

dd0d T331S WNTICNT ANIHI3TTV OY0d 1331S ONIOVUVW
6S61 NILITING TVIINHIIL d¥0D 133LS ANIHO3ITWV

1331S HIIN3Y¥LS HOIH V JVWOiOd

4d4V1S d¥0Id WNIANT ANIHOITTV . 1331S 11--H

0LWY

L2WY

LW

€W

LZWT

9SHY

Z0SKHT

YZWY

9ZWY

9ZSHT

556



L9s 1 Y961 ANT TUY-SHH~T1GT1--%9 ON Ld3¥ SEVT HIOYVIS3IY 3ISNOHIONILSIM
T331S ONIIOVYVW INBT J0dd NLdd OGNV NOI LVWYO4SNVYl 40 9I11S3IANI

¥¢1¥313a T1331S INIOVYVH

Y 1 ¢961 YVW 9L-89 4 1 ON SS T0A WSV 340 SNOILIOVSNVYL
T331S ONIOVYEVW IIXNIIN IN3IJY3Id 81

F V NVWAI09 1 f HSVI 4 ¥ ¥3IXJ23a T1331S INIOVYUVH

S 6S61°2T 9NV V-ST0E-T1%6S L¥0dIY SIVIYILVW INIYIINIONI (M)
SACTIV 34-7V 34-00 3I4-NODJITIS 40 SITLYIJO¥d IILINIVW 3IHL NO dW3l 40 123443
4 ¢ 21144 £ £ MYvD dIYlS 12 0OJ¥3AdIH

19sy 1 €961 €Z AVH Nd-T1H%-T41-£9 ¥3dVd II4TIN3IDS S8V SN .z‘
SAOTIV NOYI 17v80J JI13INOVW 140S.

M J N3HD dI¥lS L2 0J¥3dIH

sy 1 E96T €2 AVH Td-T%%-1%1-€9 ¥IdVd HIYVISIY (M)
SAOTIV NOYI 17v80D JIL13N9VW 140S

M D N3HD dIYlS YNAN3IWYILNS

9 €1 1961 1d3S 9d 133HS VIiIVA TVIINHI3I 1 1331S ¥IINILYVI
288 13IWOYAd YIINILYVI

34v1S 0J T331S ¥Y3IIN3IJdYVI 1331S T1-H

1 1961 LZ 130 091 1d3¥ ALNITLSNI TVIYOW3IW I3T7311VE JIWC
S3IYNLVYIdHIL G31VA3T3 ¥0d4 SIVI3IW 0L NOILIIONAOYINI

AVI3 © H Y3NOVM 8 H NIMQOO9 3 f T739dWVD 11ve09d

1 3 4 2961 9nv SsO1d 08%-29 ¥AL1l ASV
S1331S HIIN3YULIS HIOIH 40 d33¥I JIWVNAG GNY 3NI9ILV4

4 ¥ %31420048 TT1-H

€ 2961 1SN9nv 084-29-¥41-ASY
ST1331S HIOINIYLS HOIH 40 d33¥D JIWVNAGQ OGNV 3IN9I1Vd

4 ¥ MO1dQ0ovyse 11-H

195 1 1661 60Z2-061d INI 00 ANVYLSON NVA @
: (M009) WSIL1INIVWOUY3IS

W ¥ H1Y¥0ZO09 06 0J¥3dIH

BZGHWT

2wy

e1nY

9eWY

LenY

YTGWT

901NWY

T1GHT

E0SKHT

ZOTWY

557



S 2961 AVW 22¢€--€1€t d %1 TOA MNISAHd JIAONVMIONV 4 17
IS € 1INOJ S133HS IS-34 40 S311¥3d0¥d NIOVW NO NO11D3¥Ia 40 133443
431310 ZNv9 x3and

et €961 230 %€-826 d 21 ON STA STVILI3IW 40 TvNynor
i : SWILSAS dY3IMOd 3IvdS ¥0O4 SAOTIV 3Svae-11veaod
S VWIT 1 ¥ MOOYEHSY I ¢ 3IHIIYd N31SONNL-11VE0D

i A €961 1d3S TT-£0%d 9SA ATYILYVND SNOILIVSNVYL WSV
: 3JIAY¥3S 4 930 000T ¥WO4 1331S INIIVUVH
4 ¥ ¥PIIC S N3I3IW0d T331S ONIOVYVHW

, A | €961-1d43S ~—lwc¢m € ON om>,:m< 40 SNOI1JVSNVYlL
i 3IIAY3IS JOOOT ¥Od T3IILS ONIOVUVW
, 4 ¥ ¥3XNJI3a S N3I3W0d 0d¥0d4 1331S IONIOVYVH

e 1 8667 1d43S S133HS v1ivad TvIINHI31L 1331S HIMIA
ZOMH INITYILS HIYIA
44V1S ONITY3ILS HIWId 1331S T1-H

1 . 8S61 9NV L1¥yd Z21ZA 3IWIV SNvil
171v80IJ, 319Nn2 ANV TVYNCIVX3H 40 SNTINAOW SONNOA GNV NOILJDI¥d TVNUIINI
H 3 ¥3IN33¥9 3 W 3INIJ 17ve0?d

ec1 0961 0€ 1d43S ¥9IT JINWG
(1331S 1d4dVYIYIV A-OW-¥3 G OGNV TT-H) S1331S ADTIV A-OW-¥D S
d M HOVEHIV f ¥ d0ouvd 1331S 11-H

1 J-120-6€886-8 130d3¥ 94dW SIVIUYILVW (M)
J-120-6£886-8 1L¥0d3Y 94W STVIYILVW ISNOHINILSIM
H d ddvidl 9 SO¥vIvd L2 0J¥3dIH

S 1 6661 LZ AINF J-1e0-6£886--8 ON 1¥043Y 1d3IA 9d4W SIVIYILIVW (M)
YNANIWYI4INS 40 IN3IWAOIIA3A 3WVWIS 1011d
H ¥ ddvidl 9 SOd¥vIvd YNANIWYIANS

9 1 2961°'2 ANC 99T WNANVIOW3IW DIWd
, S1331S ONI9VYIVW 40 S311¥3d40dd
8 0 HIVOY J d N3INN3¥a ST1331S INIOVYVHW

91K

LOTWY

TOGKWT

GEWY

GTISH

oYWy

BOGH

Y8WY

c8HY

1 ¥4

558



LS 1 G%61 2 834 988 ON OW3IW 1d3C 9YINI SIVIYILVW (M)
988 ON OW3W TVII9UNTIVLIIW ISNOHINILSIM
J M ONIGYVH L2 0J2Y¥3dIH

L9 %661 L11d YOOSGNVH STIVI3IW 3¥vd
NOOBANVH SIVI3IW JuVvY
V 3 13dHVH 17ve80d

L9 A 1961 921d NOILIG3 ONZ XOOSQGNVH STVIi3IW 3¥Vy
NOI11Q3 ONZ YO0GONVH STV1I3IW 3¥vd
V 3 T3dWVH 17v80)

S 65-8561 €L0912Qv 8196020V S1¥0d43¥ VISV
SIILUIJ0Ud JILINOVW 20 ANV IV NO dW3L 40 133333
2 ¥ T1VH 34-07 G€ ONV LZ

S 6661 1435 686-586d SIWIIW 40 TVNYNOP
A0V 07 IN3J¥3d 0S-NOY¥I IN3ID¥3d 0S 40 INIWIVIYL 1VIH DILINOVW GNV ONIU¥30Q¥0
4 F HISE17 d 9 QYVNOD 2 ¥ TIVH 05 OJY¥3dIH

y 21 2961 82 230 291 OW3IW JIWA
S173r0ud 1331S ONIOVYVW MIIA3Y 0L 9NIL133IW NO 1¥0d3Y
v 13 W V TTVH 1331S INIOVYVNW

S 1961 18%1 d 9T TOA NVAVF J0S SAHd
11vE02 40 ONITVINNY JIL3INOVH
3t G 2 WVHVY9 171vao?d

S 1661 934 18-619d WSILINOVW NO 3IINIUIAINCD LV ¥3dvd
ALISNIQ XNT14 HOIH HLIM IVIYILVW JILINIVW 40071 ¥VINONVLIIIY MIN-YNANIWYILANS
H G ANN3M 8 1 H an09 dIY¥lS Y¥YNANIWY3LNS

S 1961 NVf G21d A907TONHI3IL-0¥1I313
SAVIN3LVW JIL3INOVW 40 NOILVNIVAI TVINIWNOUIANI
I @ NOQYO09 dIY¥1S YNAN3WY3dNS

s 1%61 612 d 8€ TOA 3ONMI1IVIIW 4 17
SI11¥3d0¥d JILINIVW 40 3IN3ANIJIA IJ¥NIVYIdWIL
M HIVT¥39 AMO3H 1

1GHY

8EWY

8LWY

yAL N

69WY

Y0SKH

TIW

ZHY

6WY

- THTY

559



S 2961 YdV SHY-€HZd %1 T0A MNISAHd ILANVM3IONV 4 12
30404 3AIJY¥307 MO HLIIM 0J3-34
H NNVHTITIH H ¥3713M 11v803 NOYI1

S 1961 L HIUVW 9%€Z2 ON 1¥0d3Y WYV ¥4IV ISNOHONILS3M
YNANVAGD 0J 1331S ¥Y3ILN34YVDI 40 NOILVAIVAI
W JINITYNVTY W © 430¥VZV dI¥1S YNANIWYIINS

12 €96T1¢%2 ATINC NOILVWYO4NI AYVNIWITIUd SIIWVNAQ TVY3IN3O
SONI9Y04 1331S 3VvS ANV 1T-H -0J2%-IN6 (00t) OWOIIN 81 JO NOILVNIVA3I
T ¥ S3INOr 13318 T11-H

€ €961'4%Z AN NOILVWYOINI AYVYNIWII3Yd SOIWVNAQ TVY3IN39
SON19Y0d4 1331S 0%EH3IVS ANV TI-H 0I%~IN6 (00€) OWOIIN BT 40 NOILVNIVAI
71 ¥ S3NOr 1331S ONIOVIVW

9 % 1 2961 INNT L3I3FHS Vviva IVIINHIIL IINIIN TYNOILVNY3IINI
ST1331S ONIOVYUVW
03 TIINIIN TYNOILVNYILNI 1331S ONIOVYVH

19s%¢e 1 2961 92 AON d4d4VIS 03 13MNIIN TVNOILVNY3IINI
133HS viva :~MMhzn T1334S INIOVYVRW TINIIN INIIJY3d 81
34VIS 03 I3INIIN TVNOILVNYILNI 1331S INIOVYVH

1 2961 2 ADN €-Td ZT1-11 ON 19Nd 0 I3INIIN TYNOITLVNYILINI
T331S YVW IN IN3JY3d8T HLI9N3IYLS GI3IA ISHN00Z TVNIWON L133HS Viva AYVNIWI3Y¥d
03 T3INIIN TVYNOILVNYILNI T33LS ONIOVYUVHW

s el 2961 ACGN 009 Vvivad 1331S ONIOVYVW
T331S ONIOVYVW TI3INIIN IN3IJY3Id 8T NO VIVG JATLVINIL
02 T3IMIIN TVNOILVNY3LNI 1331S ONIIVUVW

1 Yed 6289920V VILISY
SIVIY3ILIVW J177vL3W SNOI¥VA 40 17NAOW DJ1L1SVI3 IDIWVNAQ JUNiviIdWw3il d3iVA3I3
G X NIWWIHS H M T11H 73318 T1-H

S €561 99-191 d % T0A SIOISAHd 1ddv [ 11d9
" STILW NIOVW J3dS 40 ALIAILISN3S dW31 3V
v 1 371003H Ad¥O3HL

QZH

€LWY

HZSKH

(X4 B

LTISKH

8IGKNT

18WY

LBWY

0T1SKT

6H1

560



) S 0961 AVHW L€Zd S ON TEA LIN3IW3ITddNS SIISAHd 03I 11ddVv JO TVNY¥NOTP
J 00S 1V ¥NANIWYIANS 30 SITLSIYILIVYVHI
3 9. NNAT W IINITUNVI dIY1S YNANIWYILNS

8 9% 1 2961 230 NI1377n€ IVIINHI3IL 0D 1331S J80¥1v1
m S1331S ONIOVUVW T3INDIIN IN3II¥3d 81 3HIL
w OQJNMhmwmc¢h<4 wz~0<¢<zlmz

9 1 NIL1371In8 IVIINHI31 1331S 38041V
' X3T13VYNAQ ININ3QUVH ¥1V
44v1S 02 1331S 390¥iv1 73315 11-H

4 €961 120 NOILVIINNWWOD 31VAIYd
X374VNAQ 40 S311¥3d0¥d d33¥D
44V1S d¥0J T1331S 390¥1vV1 TT1-H

e A e

S €961 6Sd ST T0A AHVY90TIVLIIW ANV SIISAHd TVIIW NVISSNY
J¥NLIX31L 39ND V HLIM 1331S YIWHO4SNVYL JO S311¥3d0¥d IIL13INIVH
ZLIHSALIT OGNV AOCYVNNH X3and

S 2961 2€-121d »1 T0A ¥SSN AHAVYIO0TIVLI3IW ONV STVIIW 40 SIISAH
34-1S NI NOILVWYO4 3¥N1X31 39n3 3HL1 INIYNA A9™3INI 3IvIyns 40 370V
T 8 ZLIHSAIT N A ADNVNNOX X39N2

0 2961 3INNC T-0€6d HTA ¥SSN AHAVYOOTTIVIIW GNV STIVIIW muuwxra
SIVLISAYD IS-3d GIWY043A 40 AJOYLSINY SISIYILSAH
9 @ ZLIHSAIT 9 3 VAOSONOATI WYX x38n?d

2661 92-%221 d S€Z 10A SI1yvd I2S 4viv ¥ D
S1331S 40 S3ILIY3Id0OY¥d IIL13INIVW NO INOILvd 4O 3ININIINI
d -INJYNVYT V SIVAOH T1-H

1 . 8%61 Td 6€ T0A IANMNIIVIIN J 17
J SIVLIIW 3¥Nd 40 SNINAOW-3 40 IINVAN3IL3IA dW3IL

e et e oo b e
T2}

M ¥31SOX AYO3HL

S 2961 S9-%9%d %1 TOA YSSN AHJVHOOTIVIIW ONV SIVIIW 40 SIISAHd
$1331S W3IWYOJSNVYUL NI NOTLIVWYO4 3¥nix3l 39N
! . ¥ I VAOUVHS)OMX x39NJ

TLWY

02SHW1

ZIGNT

€ISKHT

LW

LIW

9Zn

rAL N

W

8TWT

561



9 %ell

1 X4

8L9s%e 1

L9 €21

L9s 1

0

6661 82 9NV 911 JINWd
SITVISSIW GNV 14VY¥OYIV ¥0d S1331S AOIV ¥IS
d M HI3GHIV ¥ J TVYHYONW 1331S 11-H

€961%2Z AN 14VHA AYVNIWIIIUd DIWG
$7331S ONIOVYVW TINIIN 81 40 S3ITL1YIH0YUd TVIINVHIIW 3IHI
3 T138dWVvI d O NOOW 71331S ONIOVYVH

€961 ATNC d¥0D NOILVIAV NVIIY3IWV HIYON
N91S3Q IWVUSEIV UNLVHI4AWIL G3ILVAITI NI 1331S INTOVHVH
V I AVH T331S ONIOVYVH

2961 AVW OTTI-20Td ONIYIINIONI NOIS3A NI STIVIYILVH

S7331S ONIOVYVW 3HI

IONIYIINION3 NOIS3IA NI SIVIYIALVW Jd4VIS T331S ONIOVYVH
2961 130 ONIY3INIONI NOIS3A NI SIVIU3LVH

. L1HINOYM-ST1331S HIINIYIS HOIH vdlINn

ONITYIINIONI NOIS3IA NI SIVIYILVW d44ViS 1331S ONIOVUVH

2961 130 ST1d INIYIINIONI NOIS3IA NI SIVIY3ILVH
1LHINOYM LSVI SAO0TIVY3IdNS 3Sve 1IvE0D
ONTY3INIONI NOIS3IA NI STIVIYILVW JIVIS OJAIN

2961 130 %1Td INIY33INIINI NOIS3Q NI SIVIUILVW
SAQTIV ¥3d4nS 3SvVE 17v40d ANV 11vE0)
ONIYIINIONT NOIS3IA NI SIVIYILVW d4d4ViS 41v40)3

€961 HOUYVW ONIYIINIONI NOIS3A NI STIVIYILVHW
ST334S ONIOVYVW OGNV S1331S SSIINIVILS IJILINILSNV
ONTYI3INIONI NIIS3A NI STIVIY3ILVW ddVIS T1331S INIOVYHVHW

8S6T €1 d YOOSANVH SIVI¥ILVW ONIUIINIONI
YOOSANVH SIVI¥ILVA ONIYIINIONI
79 TI13INVW 1809

2961 YVW 82-€22 d 00CA HSILI¥E TvNidNnOr >zhmaoz~ 1331S OGNV NOUYI

34 ~w GZ2°t 40 AHJOYLOSINV GNV HIMOY¥9 NIVYO NO S3IILIYNDWI 3WOS 40 1233443

f W ZIIDIZSNYIVHW X39nJ

LOSKHT

(X4 |

GZGHT

S9WY

HY9WY

659WY

o9KWY

€Sy

STHY

€CH

562



2961 66-1L6Ld ¥1 A AHAVYI0T1IVI3IW ANV STIVI3IW JO SIISAHI
SAOTIV 03-34 40 NOILONANI JIL13NI9VW 40 3IN3IAN3Id3A 3UNLIVHIdAWIL
QG V AOXONS A 9 VAOXNIHILINIHSI 17v80) NOYI

€961 834 16-06 d INIYIINIONI NOIS3A NI SIVIYILVH
ANLIVYIdWIL ANV LV ALTAILONANOD TVWYIHL HIVYOOWON
7 ¥ S¥3l3d 17v80?

€961 0T AVW 1¥0d3¥ HIY¥YVISIY ISNOHINILSIM G3IHSITENINN
1531 3¥NLIvYIdW3al HIOIH X39N)
N MInvd X39nJ

1961 YVW S€-G2L€d €= 2¢€ T0A SIISAHd G3Iddv r
SIVIY3LVA JILINIVR 40 ALITIEVLIS 3¥N1VYIAW3L HOIH
N JITAvVd dIY¥lS 1Z OJ¥3dIH

. 6661 100 INIYNLIVANNVW TVIIWLI3T3
STIVIY3ILVW 3¥00 IJI13INIVW NO dW31l 40 S133443
H ¥ N3L1SANT W M3NSVd dI¥LS YNGNIWY34NS

6S61T 120 LTI11-69 ¥Y3adVd mzomhu<wz<¢h 33Iv
SIVIY3LVHW 340D 40 d0Ud IILINOVW NO dW31l HIIH vilIn 40 S1I33dd43
Y NILSANT W AVISVd dIYdlS ¥YNANIWYILNS

: G31VvQa LtON N3S3IMNILINHNISI3 A 4 AIHIYYV
S133HS 73 INOD IS NI VN3IWON3IHd SSOT JI13INIOVW TVWYONGVY dJO S3sSnv)
¥ Q7134N3SI0 17va0d NOoYl

€961 YVNW %02-002d €ON STA STVI3IW 40 TvNdNOr
ST331S ONIOVIVW NI SIN3W3IT3 IvNAIS3Y¥ 40 S1I333443 3JHL 33UV LVHM
W T NVYIAQ £ J XVAON T33LS ONIIVHVH

2961 230 11-010Td ¥ ON SS TOA WSV 40 SNOILIVSNVYL
T3IILS ONIOVYVH LN3DJ¥3d 81 ¥3dVd 40 NOISSNISIA
r a13rd IN 81 1331S INIIVYUVH

1961 %8-61L d 1 T0A ¥SSN A9DIONHIIL-0¥1D3IT3
1331S 13 G3AN3IIYO-NON G3770¥ 4109
I 4 VAOZY08 V vV AOQ3d43N I331S NODJITIS

_mN:J
LSWY
ZLWY
1TWY

WY
6ZWY
1ZW1
L9WY

WY

STR

563



LS , €961 2330 133HS V1iVva Y¥Y3ILIN3ID NOILIVWIO4NI d0dd IINOYW1LI3T3
STVIY3LVN SNOIYVA 40 VIVA JIL3INOVW OGNV ALIAILSISIY

3 ¥3I4VHIS SAC1IV 34-02-IN
1 1961 9-%€T1d SSIud AINN QYO4ANVIS M0OOE
SAOTIV ONV STIV13W 40 S311¥3d0¥d IVIINVHIIW JHL NO dW3L 40 IININIINI 3IHL

W 3 ANSLIAVS 11v80)

s . . 1961 9902d 91 T10A NVAVI J0S SAHd I
17vE0D2 NI 123443 9NITVINNV SS3YLS

1 30LIW 1 I9NOSWVS 11veo)

S : 1961 82%1 d 91 10A NVdVF 20S SAHd ©
11vE02 NI 193443 ONITIVIANNYV J1L13INOVW

1 3NLIW 1 I9NOGWVS 1va0)

9 1961 6 3INNT Z6LT-11 ON 1d0d3¥ S8V IINVWYHOINHId (M)
YNANIWYIAINS 40 NOISNVIXI TVWYIHL

g r 109vS YNAN3WYIANS

s 1 1961 %2 834 002-1€886-9 Ld3IY¥ 1430 9d4W STLW ISNOHONILISIM
SONILISVD INIWISIANI 0G°G€¢12 DDYIdIH 40 SITLU3IHOY¥d ITISNIL ANV DIL13NOVW

9 @ g0N38vY INI1SVD 0§ 02¥3dIH

s 1 1961 %2 834 002-1€886-9 1434 1430 94W SIVIYILVW ISNOHINILSIM

SONTLISVYVI IN3WLSIANI 06°G€¢12 0JY3IdIH 40 S311¥3d0Ud 3ITISNIL ONV DITL3INIVW
9 4@ 00N38vY SONILISVD 12 0J¥3dIH

1 €961 1d3S 9€-T1€d SSIU90Ud SAVT HIWVISIY TVAVN NO 13¥0d3Iy
YOIAVHIEG AINIOr Q713M 40 AQNLS TVIN3IWVANNS

8 % gA0T d d NvInd T1331S ONIOVYHVW

L9 €961 T 10A X008 viva
N008 Vivad S311¥3d0¥d TVIISAHAOWY3IHL 40 SAOTIV ANV INIWIT3 JITTIVIIW

Y3ILNID HIYV3IS3IY AINN INAYN 17ve0)

S 2961 66-16Ld %1 TOA ¥SSN AHAVYIO0TIVIIW GNV STVIIW JO SIISAHd
SAOTIV 0J3-34 40 NOILINANI JIL13INIOVW 40 IIN3IANICL3A dW3IL

A 9 VAOYNIHILNIHSA 17v803 NOWYI

L2ZSKWT
wozz
0TWT
eTW
GBHWY
68WY
88HWY
YiWY
#THWY

61N

564



e amas

Sy

L9S

19¢%

ye

€961 8 120 G2€-€€968-9 d3¥ 1d3A JNNVW STIW ISNOHINILSIM
YNANIWYIANS QILTIW WANIVA 40 INISS3II0Ud 3HIL
H ¥ ddvil YNANIWYIANS

2961 AVW STT~-€11 d uz-xmwz—wzm N9IS30 NI STVIY3LVH
SN1d 4 0€6 Y04 SIVIYILVHW IIL3INIVW [d40S
9 SOYVIVY 9 0 GTION3E0Y H ¥ ddvil dIYlS 12 0J¥3dIH

2961 AVH STT-€1IT d ONIYIINIONI NOIS3IA NI STIVIUILVW
SN1d 4 0€6 ¥OJ STIVIYILVW IILINOVW 140S
9 SOYVIVY 9 Q GTIONIBO0Y H ¥ ddVvil dIdlS YNANIWY3IdINS

2661 8G6-266d $9 T0A NVAVF 20S SAHd J0¥d
WSIL1INIVWOYY3d 40 INIWIVIYL SUIN3Z
vV 37v410IAOL Ad0O3H1

€961 2 huo 02 ON 81-6d 81A LIN3IW3I1ddNS SM3IN NOIS3A
ST1331S 1HONOYM
f 3 S3AINVI3LS INIOYO0d T1331S YVW IN

€961 ATINF L-%Ld T ON %8A SSIYI0Yd TVI13IW
INIOYO04-ST1ITLS INTIVYVH HLIIM ININUYOM
9 ¥ SYYVIS 9404 1331S INIIVYVH

€961 834 22€6620V VILISY
7331S T1-H J0 YOIAVH3H IVNOILISNVYL ¥V3IHS ONV S311¥3d0Y¥d HILON
4 QIWHIS 1  A3NITS 713315 11-H

1961 m<z G9G6€d €ON 2€EA 01 IN3IW31ddNS SIISAHd G317ddV TVYNYNOP
SAOTIV 11vE0D NO¥I ALIYNd HOIH J40 SITL1YIdO¥d DI LI3INIVW OIAOYAWI
¥F S a 1INHS dIYlS YNANIWYILNS

8S61°61 INNT L1430 9YIN3 SIVIYILVW ISNOHINILSIM 4O ¥31131
1430 9¥9N3 SIVIYILVW ISNOHONILSIM JO ¥3L1131
¥r S d TINHS dIYlS YNAN3IWY3ILNS

2961 AON 918d IT ON 1ITA SIVI3IW 40 TVNYNOF
INILT1IW WV3IE NOY1I313

TV 13 D ¥ NITY3IW ¥ S 3T9v3S 133HS 17vE0)

GOGKWT

SSWY

10TWY

B8R

cZhY

TZWY

60GH1

99RWY

EEWY

Z9WY

565



@31va 10N NOILVWYOJINI Q3HSIT8NdNN
ONILSVI 34-1S LN3IJY¥3d 68°0 ¥04 VIVA 1S3L JIL3INIVW
¥Y3IN3D 4 + ¥ (M) NOYI T NOJITIS

€9614€ 1d43S Q3LINANCD S1S31 SAY0IIY 1S3IL HIYVISIY (M)
ISNOHINIL1S3IM SAY0I3Y 1S31 HIYWVIS3IY
(M) ddvisS X38NJ

. €96140t 1d43S 22€9 ON 133HS 1S3i
22€9 ON 133HS 1S31 JIL13INOVKW SOV HOYv3IS3Y
¥3IINID 0 + ¥ (M) J4VIS dIY¥lS 22 0J¥3dIH

1961 1370 0SsT-2S NI1371In8 1d3ad omt STIW 3ISNOHONILSIM
SONILSVI OGNV SADTIV JIL3INIOVW
1430 94W STIVIY3LVW 3ISNOHINILSIM L2 0J¥3dIH

06T7-26 NI1377N8 1d30 94W STIW ISNOHINILISIM
SONILSVI ANV SAOTTV JIL3INOVHW
1d30 94W STIW 3ISNOHONILS3IM IONILISVI 0S 0J¥3dIH

1961 120 9¢%*2 d 0S1-2S NIL3TING L1d3A 94W STIW ISNOHINILSIM
. SONILSVI ANV SADTIV JIL3INOVH
hawcwmzwahzww:crwznhwwz

21 %961 ‘ST ANC

%9 ATNC ST AVW 1d43¥ 90dd °*HI3IL AT¥ILYVND 90¥d *T13A3Q °N3II ¥NdS
*94W HYVISIWYIV °I373 (M) 11-H

2961 92-22¢€d $TA AHAVY9Y¥O0TTIVLI3IW ANV SIV1IIW 40 SIISAHd
WS INNWWOD 40 SISvE TVIY3ILVW 01 NOILNGIYLINOD SI1I OGNV SOISAHd V13K
A S AINSAOSNOA AVY3IN39

L5661 Y12 ANV 281 d STIVIYILVW D113INOVW L140S MNOOYANVH

SdW31l HOIH ANV S3IININD3IYJ HOIH 1V 34-03 ANV 33-IS 3IJ-IN dO S3IT11¥3d0¥d

3Z1IWHISHNNIVA 34-0J 0§

9 %el1 62d NIL3ITING TVIINHI3L d¥0D 1331S SdOTIIAD TVSUIAINN

T ON HIVWINN
44VLS Sd0TJAD TVSAUIAINN 1331S 11-H

dI¥1S YNAN3IWY¥3I4ANS

WY
OTWY
8 TWY
Oozm
T6WY
Z6WY

6ZGWT
6ZCKW
YZW

9TGHW1

566



0561 ¥2 AON L1€99€ ON 3A¥ND 1430 9YINI STVIYILIVH (M)
LT1€99€ ON 3JAUND 1d30 INIYI3INIONI SIVIYILIVH ISNOHONILSIM

8V HIYV3S3Y¥ ISNOHINILS3IM

d1Y1S L2 0J¥3JIH

6561 LT 230 080% ON 1S31 JIL3INOVW SEVT HIUVISIY (M)
080% ON 1S31 JIL3INI9VW S8V HIOYVISIY ISNOHINILSIM

gV HJYV3IS3Y IASNOHINILSIM

9NIO¥04 OJAIN

1961 L1 834 06L% ON 1531 DILI3INIVW SOV HIY¥VIS3H
(3ISNOHINILSIM) 06L% ON 1S31 IIL1INOVW SEVT HOUVISIY

gV HIYvV3ISIY (M)

ONI9Y04 OJAIN

1961 02 934 064% ON 1$31 JIL13INIVW S8V HIWVISIY
(3SNOHONILSIM) 06L% ON 1S31 JI13NIVHW S8V HIYV3ISIY

gV HOYV3S3Y (M)

2961 61 HIOYVHW 20%S ON 1S31 JI13NOVHW
20%S ON 1S31 JI13NIVHW
V7 HIYv3IS3IY 3ISNOHONILSIM

N@Oa 9 1435 2%LS ON 1S31 JI13INOVH
¢%LS ON 1S31 JI13NIVH
gV HOYV3IS3IY ISAOHINILSIM

2961 62 1d3S 28L1lS ON 1S31 JI13INIOVW
L81S ON 1S31 JI13NOVW
9V HIYVISIY ISNOHONILSIM

1961 ST 9NV 2205 ON 1S31 DIL3NIVNW
2L0S ON 1S31 JI13NOVH
av1 HIYVISIY ISNOHINILS3IM

1961 61 9NV 2L0S ON 1S31 JI13INOVH
2L0S ON 1S31 JI13NIVW
gVl HOYvIS3Y 3ISNOHONILS3IM

€961 8T ATNF 1819 ON 1S31 JI13INOVH
1819 ON 1S31 JI13INOVH

INIO9YHO4 OIJAIN

SV HOYV3IS3IY (M)
SAVT HOYV3ISIY (M)
d1¥1S 06 0J¥3dIH

SEVI HOYV3ISIAY (M)
SEVT HIOYV3IS3IY (M)
di¥lS 0S OJ¥3dIH

SEVI HOYV3S3IY (M)
S8V HOYV3IS3IY (M)
dIYylS 09 0J¥3IJIH

SAV1 HIYV3ISIY (M)
SEVI HOYV3S3Y (M)
dIYlS L2 0J¥3dIH

SgvV1 HIYV3IS3Y (M)
SV HOYVISIY (M)
"dI¥1S L2 0D¥3dIH

SV HOYVIS3IY (M)
SAVY HIYVISIY (M)

gv1 HIYV3ISIY ISNOHINILISIM IONI9YOd T1S ONIOVYUVH

r41.1.

ySHWY

TYWY

ZYWY

cEyWY

YYWY

SYWY

9YHY

LYW

osWY

567



L9s

A

(4

el

21

0961 8T AVW S3ITId SIVIYILVW JIL3INIVW SEVT HIYVISIY (M)
S3TId SAVIYILVW JILI3INOVW S8V HIYVISIY ISNOHINILS3IM
8V HIOUV3S3IY ISNOHINILSIM dIY¥lS 12 0J¥3dIH

0961 81 AVW S3TId SIVIUILVW JIL3INIVW SEVI HIOYVISIY (M)
S3N1d SAVIYILVW JIL3INOVW SEVT HOUVISIY ISNOHIONILSIM
V7 HYV3ISIY ISNOHONI LSIM ONIL1SV) 12 0J¥3dIH

0961 8T AVW S3TId SIVIUILVW JIILINOVW SOV HOUVISIY (M)
S3INI4 SIVIUILVRW IJIL3INIVW SEVI HOUVISIY 3ISNOHONILSIM
gV7 HJOUV3ISIY¥Y 3ISNOHIONILSIM ONIOY¥04 L2 0JY3dIH

0961 81 AVW S3T7Id4 STIVIYU3LVW JI13INIVW S8V HOYVISIY (M)
S3TI4 SIVIUILVK IJIL3INOVW S8V HOUVISIY ISNOHINILSIM
gv1 HIYV3S3IY ISNOHINILSIM dIYlS 12 0J¥3dIH

0961 ¢ 8934 6%1% ON 1S31 DIL3INOVW S8V HIYVISIY (M)
6%1% ON 1S31 DJIL3INOVW SOVT HOUVISIY ISNOHONTILSIM
8VT HIOYV3IS3Y¥ ISNOHINILSIM dI¥1lS LZ 0JY3dIH

0961 T ¥YVW 6%TH ON 1S31 JIL3INIVW SITI4 SEVT HOYVISIY (M)
6%1% ON 1S31 JIL13NOVW S3ITId4 SAVT HIYv3IS3IY ISNOHINILS3IM
V7T HOYVISIY ISNOHONILSIM dIY¥lS 22 0OJY¥Y3dIH

0961 9¢ 9NV S3INId STIVIYILVAW IILINOVW S8V HIYV3ISIY (M)
S3ITId STIVIYILVH DIL3INOVW SEVI HIUVISIY ISNOHINILSIM
gV HJYV3IS3IY ISNOHINILSIM dId¥lS 0S 0JY¥3adIH

0961 230 S3ITIJ STIVIYILVW IJILINIVW SEVT HOUVISIY (M)
ISNOHINTLISIM SITId STIVIYILVH IIL3INIVW SEVI HO¥V3ISIY
VT HYVISIY ISNOHONI LSIM L2 0JY¥3dIH

1961 91 9NV ZLOS ON 1S31 JIL13NIVW S8V HIUVISIY (M)
€L0S ON 1S31 JIL3NIVW S8V HOUV3IS3Y (M)
V1 HIYVISIY ISNOHONILSIM dIY¥lS 12 0JY¥3dIH

1961 91 9NV 2206 ON 1S31 II1INOVW SAVI HOUVISIY (M)
¢L0S ON 1S31 JIL3INOVW S8V HOYVISIY (M)
VT HIYV3IS3IY ISNOHONILSIM dI¥1S 12 0JY¥3dIH

LY

%0TWY

€E0TWY

SLWY

WY

98WY

LLINWY

6IWY

8YWY

6YWY

568



S
S
9¢ 1
9 A
1
L96%¢ec1
L9s
g
s ¢

€961 62 9NV NO A313NANOD 1S31
SQY0I3Y 1S31 HIYVISIY (M)

34V1S

X3s8nd

€961 € 120 0L29= 133HS 1S31
133HS 1S31 JIL3INIVHW S8V HIWVISIY

JSNOHONI1S3IM

0961 1 1d3S Viva 1VIINHI31 S371d4 1430
viva TVIINHO3L S311d 1d30
(M) ¥3IN3ID 0 ANV ¥ d4d4VI1S

0961 21 €33 viva HI31 S31Id 1430
viva 1Vv3JINHI3L S371d4 1430
(M) ¥3IN3ID G ONV ¥ d4VIS

0961 2 €34 viva HI31 S311d 1430
viva HI31 S3714 1430
(M) ¥3IN3ID 0 ANV ¥ ddVIS

9404 T331S ONIOVUVNW

SIOI13NIVHW HIYVISIY
SIIL13INIVR HIOUVISIY
dIYLlS YNANIWYILNS

SJOI13IN9VW HIOYVISIH
SO1L1INI9VW HIWVISIY
dIYisS L2 0JY¥3dIH

SOI13NIVW HIY¥V3ISIY
SITLINOVW HOUYVISIN
INI9¥0d4 LZ OJ¥3AdLIH

$9-€961 612d MOOYANVH Y3 LIN3ID G ANV o

(M) ¥3IN3J 4 ANV ¥ d44VIS

SI11NVNOY3IV/3IIVdS

9404 1331S INIOVUVH

2961 O1 9NV 1¥0d43¥ VIVQ ISNOHONILS3M
130d3Y¥ V1ivad ISNOHONILSIM

ISNOHONTLSIM 44V1S

9NI9Y¥04 0T OJAIN

0961 T 1d3S S37Id 1430 SITLINIVW-SEVT HIUV3S3N
S3714 1d30 SIIL1INIVW-SBVT HIUVISIY

SV HIYV3S3Y (M)

dIY1S YNAN3IWY3IINS

0961 € 934 6%T% ON 1S3L DILINOVW SOV HIUVISIY (M)
6%14% ON 1S31 JI13NIVW S8V HIUVISIY ISNOHINILSIM

gV HOYV3ISIY ISNOHINILSIM

diylS L2 0J¥3dIH

09/1/6 S3114 SIVIY3ILVW JIL13INOVW S8V HIUVISIY ISNOHINILS3IM
SITI4 STIVIYILYW JIL3INOVW SEVT HOUVISIY ISNOHONILSIM

9V HOY¥V3S3IY 3ISNOHINILSIM

INI9Y¥04 LZ 0OJY¥3dIH

6TWY

SZHY

otWY

TEWY

ZEWY

YeWd

8ZWY

6EnY

T9HY

SOTWY

569



819

9

S 2961 ¥dv 82-126d €1 T0A AHAVYIO0ITIVIIW ANV STIVIIW 40 SIISAHd

133HS JIL13N9VW 40 SSINMNIIHL NO S3I1¥3d0¥d JIL3INOVW 40 3IINICN3J3IA

AV 13 v 9 ¥437viIvd vV A VAONIVZ IVY3INID

s 21 0961 TL-%9d A N d¥02 ONIHSIT9Nd GTIOHNI3Y
S3SN ONV A9¥NTIVIIW AYLISIWIHID S1I 17ve0)d

S ¥ ONNOA 17v402

Y 2961 AON SL8%-S18%d T1 ON TH%A IN3W3T1ddNS TVNINOF INIGTI3M
T331S ONIOVHVW TIIANDIN IN3IOY¥3d 8T 40 ALITIGVAT3IM

V M VLI139VYdd 3 I TTIIYIHLIM 9404 1331S INIIVHVW

Y €961 ATINC €-18d T ON %8A SS3YI0Ud TVIIW
) ONIGTIM-STIIILS INTOVUVH HLIIM ONINUYOM

IV 13 V G NVIIYN0D 3 3 TTIUIHLIM 9404 1331S IONIIGVUVW

S 1-2961
SA¥023Y 1S34 HIYUVIS3Y™ (M)

44V1S X34NJ

S 0961 VIiVA HJIIL 1430 HIWHO4SNVYL ALIVIIILS (M)

ViVQ HI31 1430 Y3IWH04SNVYEL ALIVIIIAS ISNOHONILSIM

S$S340J YNANIWY3IANS
dIY1S YNANIWYIINS

2961 HOYVW NI Q312NANDD 1S3l

SA¥023Y¥ 1S3 HIUV3ISIY (M)

44V1S X38n2

S ‘ 2961 AON %-1d 1S9-b% 133HS VIVQ TVIINHIIL (M)
SH0LIVIYW ONV SYIWYO4SNVYL ¥04 S3I¥0D X3aND

44V1S x38n7

1 2961%8 9NV SA¥0I3Y 1S3IL 9V HOYVISIY (M)
SQY0J3Y 1S31 AWOIVYOSV HOYVISIY (M)

44V1S x38n9

s 2961 % WVYW NOILVWYOINI TYNYIINI 3ISNOHINILSIM

60€626 ON S3IAYND 1S31 NOVW ISNOHONILSIM

43V1S ISNOHONILS3IM

NOJIIS T NOYI

ZZWT

0ZWY

B9WY

Z2WY

SWY

ZB8WY

YWY

EnY

Wi

BZWT

570



S 1961 8L%1 d 91 10A NVAVI J0S SAHd T
LIvE03 NI 133443 INITVINNV DJIL3NOVH

1 3NLIW 1 TINOIWVS 17ve0)d

S LS6T1 %12 ANV 281 d SIVIYILVW DIL13NOVW 1340S MNOOYANVH
SdW31l HOIH ANV SIIIN3INDIY4 HIIH 1V 33-03 ANV 34-1IS I4-IN JO S311¥3d40¥d
JZIIWHISWNANIVA 34-0) 0s

1 aomd 9-%e£1d SS3Ud AINN QYO4ANVILS X008
SACTIIV ANV STIVI3IW 30 S3IL¥Y3d0Y¥d TVIINVHIIW 3HL NO dW3l 40 3IININTANI 3HIL

W 3 ANSLIAVS 11ve0?)

1 1961 L2 170 091 1d3¥ ILINLILSNI TVIYOW3IW 37171311ivE JINWG
S3UNLVYIdW3IL G31VA3ITII ¥O4 STIVI3IW 01 NOILINCOYINI

Vi3 © H Y3IN9YM 8 H NIMGO09 3 f T7138dWVI 17v80)

1 €961 230 %€-826 d Z1 ON STA SIVI3IW 40 TVNINOT
SWILSAS Y¥Y3IM0d 3IIVdS ¥O4d SAOTIV 3SvE-11ve0D

S VWITIY 1 Y MNOOYOHSY 3  3HI3Y¥d NIL1SONNL-1TVE0D

LS €961 230 133HS ViVA ¥3ILN3ID NOILVWYO0dINI d40¥d IINOYLI3T3
SIVIYILVH SNOIYVA 40 viva J113NIVW ONV ALIATLSIS3Y

3 ¥34VHIS SACT1IV 34-0J3-IN

y 1 2961 AON 918d 11 ON TTIA STIVI3IW 40 TVNYNOF
INILT3IW WV3IE NOYLI33

AV 13 3 ¥ NITY3W ¥ S 379Vv3S 133HS 11ve0)

9 2961 834 16-06 d INIYIINIONI NIOIS30 NI STVIYILVHW
JYNLVYIdWIL ANV LV ALIAILINANGD TVHWYIHL HIVIIOWON

7T ¥ S¥Y313d 11ve0?d

195 1 1661 19-192d ONI 03 ONVYLISON NVA @
, HWST13INI9VHOYYI L

W ¥ H1¥0709 17ve80)d

9% 1 2961 170 %T1d ONIYIINIONI NOIS3IC NI SIVIYILVHW
SAOT1V ¥3d4NS 3sve 11Ive0d GRv 11vE0D

ONITY3IINIONI NOIS3a NI SIVIY3ILVW dJ4VIS 1Iv80d

ETNT
H2H1
wo:g
90 THY
LOTWY
L2SHT
29N
LGHY
LZWY

O9WY

571



8195

L9

L9%

19

21

21

[4

29618 9NV SAYWOI3Y 1S31 9VT HOUVISIY (M)
SAY¥0J3Y 1S3I1 AMOLVY0IV HIOYVISIY (M)
44V1S X38n?

65-866T1 €20912AV 652202aV 8196020V SLY0d3IY (M)
S311Y¥3d0¥d JIL3INOVW I0 ANV 3V NO dwW3l 40 123443
J ¥ TIVH 34 0J IN3J¥3d S€ OGNV L2

1961 9902d 91 10A NVAVI J20S SAHd
17vE0I NI 123443 ONITVINNV SS3ULS
1 INLIN 1 TINOGWVS 11ve0)

0961 HAVY9ONOW 11V802
HJVYOONOW 11VE09
JINLTISNI IVINOWIW 311311V 11V80)

0961 TL-%9d A N d¥03 9ONIHS1I79Nd QIOHNIIY
S3ASN ANV AQUNTIVIIW AYLISIWIHI SII 11vE0)D
S ¥ 9NNOA 171v80)

%661 LT1d MNOOYANVH SIViIW 3Juvy
JOOY9ANVH STIVI3IW 3dVvY
V 3 13dWVH 11ve0)d

8G61 9NV Llyd Z2TZA 3IWIV SNVYlL
17v€0d J2189NJ ANV TVNOIVX3H 40 SNINAOW SINNOA GNV NOILDIYd TVNYIINI
H 3 ¥3IN3IY9 3 W 3INII 17v80)

8661 €T d MNOOYANVH SIVIY3ILIVW ONIY¥IINIONI
MOO0QANVH STIVIYILIVHW INIYIINIONI
T I TI3LNVH 11ve0)

1961 921d NOIL1IQ3 ANZ MOOSANVH SIVIIW 3dvd
NOILIQ3 (ONZ YOOGANVH SIVI3IW 3uvy
V J T13dWVH 17ve09

1961 18%T d 91 T0A NVAVF J0S SAHd I
17v80J 40 SNITV3INNV J113N9VW
4F G J WVHVYI 171vaeod

TWY

TN

OTW1

L Twd

0ZWY

BEWY

OHWY

STWY

BLWY

TTHY

572




€961 GGd ST TOA AHAVY9OTITIVIIW ANV SIISAHd TVI3IW NVISSNY
YNLXIL 39N V HLIM T1331S Y3IWYOJISNVYL 40 SITLY¥Y3d0¥d IITL3INOVW
_ ZLIHSAIT ANV AOYVNOA x38n?

2961 S9-%9%d %1 T10A ¥SSN AHAVY901IVLIIW ONV STIVIIN 40 SIISAHd
S$1331S YIAWUOSSNVYL NI NOILVWYO4 3¥nix3l 390D
N I VAOYVHSYOX X3eno

2961 AVW 22€-€El€ d %1 T0A NISAHd ILANVMIONV d 17
IS € INOD S133HS IS-3d 40 S3I11¥3d40¥d NIVHW NO NOI1373¥10 40 133443
¥y31310 ZNVI x3end

€961 01 AVW 1¥0d3I¥ HOYV3ISIY ISNOHINILISIM GIHSIENLNN
1S31 3¥NiVY3IdW3Ll HIIH X38NI
N dI7nvd X39N09J

€96T%c 1d3S Q3ILINANCI S1S31 SAY0I3IY 1S3L1 HIYVISIY (M)
ISNOHONILS3IM SAY0I3IY L1S3IL1 HOYVISIY
(M) d44VIS X389nJ

€961 62 9NV NO G31INANOD 1S3l
SQ¥0J3¥ 1531 HIYV3S3Y (M)
44v1S x39n?J

2961 AON %-1d 169-%% 133HS VIVA TVIINHIIL (M)
- SY01)JVIY ANV SUIWYO4SNVYL ¥0d S3Y¥0I X38NI
44V1S X38NnJ

2961 3INNC T-0€6d HTA ¥SSN AHAVYOOTIVIIW OGNV SIVIIW SIISAHd
SIVLISAYD 1S-34 GIWY0I3Q 40 AJOYLSINV SISIYILISAH

9 @ ZLIHSAIT 9 3 VAOSONOAI Y X38n2
. 1-2961
SO¥0I3Y 1531 HOUVIS3Y (M)

4415 X39n2

2961 HIYVW NI a312NANODY 1S3l
SQ¥0J3Y¥ 1S31 HOYV3IS3Y (M)
44V1S X3an?)

LW

8THW

9THT

LWy

0O1WY

6THY

EWY

9ZhH

SWY

YWY

573



1

1

14

1

0

09/1/76 S3INI4 STIVIUILVAW IILINIVHW SOV HOYVISIY ISNOHONILSIM
S3ITId SIVIYILVW IDILINOVW SOV HOYVISIY ISNOHONILSIM
VT HOYV3IS3IY¥ ISNOHINILSIM ONI9Y¥04 12 0J¥3dIH

0961 81 AVW S37I4 SIVI¥ILVW JILINIVW SEVT HO¥VISIY (M)
SITI4 STAIVIYILVW ITLINIVW SEVT HIUVISIY ISNOHONILSIM
GV HIOYV3S3IY¥ 3SNOHINILIS3IM ONIOY¥O0d 212 0J2Y¥3dIH

0961 8T AVW SITId SIVIYILVW IILINOVW S8V HOUVISIY (M)
S371d STIVIYILVW DJIL13INIVW SAVT HOYVISIY ISNOHINILSIM
V7 HIYV3ISIY ISNOHINILSIM ONILSVI 22 0D¥3dIH

€561 92-%221 d S€2 T10A SINVd I2S QVvIVv ¥ 9D
ST331S dJ0 S311¥3d0Ud JILINIVW NO 3N9I1vd4d 40 IININTINI
d IN3YNVT Vv SOVAOH T11-H

2961 1SN9nY 08%-29-301-ASY
ST1331S HLINIYULS HOIH 40 dIIUD IIWVYNAQ OGNV 3IN9Tivd
4 ¥ MIIYaoyeg . 1T-H

%961 ‘ST ANr
%9 AINC ST AVW Ld3Y¥ 90¥d °HIIL ATYILYVND 90Yd *I13A3A °N3I9 ¥NdS
*OdW HOYV3S3WYIV °2373 (M) 1T1-H

€961 YdV 82-126d €1 T0A AHAVYIOTIVLIIW ONV STIVL3IW 40 SIISAH
133HS JIL3NIOVW dJO SSINMNITHL NO S3I[1¥3d0¥d IIL3INIVW 40 3IINIAN3IH3Q
TV 13 V 9 ¥3IvIVd vV A VAOIVZ TVYINID

€961 92-22€d %TA AHJVY9YOIIVLIIW ONV SIVI3W 40 SIISAHJ

WSINNWWOD 40 SISVE IVIY3LVW OL NOILNGIYLNOD SLI ANV SIOISAHd IVIIW
A'S AINSAOSNOA TVY3IN3 D

€961 2€-12L.d %1 T0A ¥SSN AHAVYO0TIVIIW ANV SIVIIW 40 SIISAHd
34-1IS NI NOILVWYOJ 3¥N1X3L 38N3 3HL 9NI¥NA A9¥3IN3 3IIv4¥NS 40 I10Y
, 1 8 ZLIHSAIT N A ADXVNNY X38N0)J

961 YVW 8¢-€£2Z d 002A HSILIYWE TYNYNOr AYLSNANI 1331S GNV NOYI

34 1S 6Z°¢ 40 AHJOYLOSINV ONV- HIMOYO NIVY9 NO SITLINNAWI 3WOS 40 193443

f W ZIIDIZSNIVNW X38NJ

SOTWY

€0TWY

YOTWY

ZIWT

€0SKWT

6Z2GHT

221

6ZH1

LTWT

€CWT

574



——————

S

1 S%61 2 934 988 ON OW3W 1430 9YINI SAVIUILVH (M)
988 ON OW3W TVIIoUNIIVLIIN ISNOHINILSIM
J M ONIQYVH LZ 0J4¥3dIH

1961 91 9NV 220G ON 1S31 JIL3INIVHW S8YT HIOUVIS3Y (M)
2L0S ON 1S31 JI13INIVW SEVT HOYV3S3Y (M)
8V HJIY¥v3IS3IY 3SNOHINILSIM dIYlsS LZ OJ¥3dIH

1961 91 9NV 2L0S ON 1S31 JI13INIVW S8V HIUVISIY (M)
Z210S ON 1S31 DIL3INIVW SEVT HIYVISIY (M)
8V Iu¢<wmmx ISNOHONIL1S3IM dIYlS LZ 0J¥3dIH

0961 € 834 6%1% ON 1S31 JI13INOVH S8V HIYVISIY (M)
6%1% ON 1S31 JI13INI9VW S8V HIYVISIY ISNOHONILSIM
9V HIOY¥V3IS3Y ISNOHONILS3IM dI1d¥lsS LZ 0J¥3dIH

A 0961 8T AVW S371d SIVIYILVW IIL3INIVW SEVT HIUVISIY (M)
S3TI4 STIVIYILVW DILINOVHW S8V HIYVISIY ISNOHINILS3IM
8V HOYV3S3Y¥Y 3ISNAOHINILS3IM dI¥lS LZ 0J¥3dIH

0961 2 834 6%1% ON 1S31 JIL3NOVH SOV HIHVISIY (M)
6%T%# ON 1S31 JIL13INIVW S8V HIYVISIY ISNOHIONILSIM
8V HOYVISIY ISNOHINILSIM dIY¥lS 12 0J¥3dlH

J-120-6€886~-8 1Y0dIY 94W SIVIUILVH (M)
J-120-6€886~-8 1Y¥0d3IY 94W SIVIYILVH ISNOHINILSIM
H ¥ ddvil 9 SOYvIvd L2 0J¥3dIH

0961 T ¥VW 6%1% ON 1S31 JIL3INIVKW SITId S8V HOYv3ISIY (M)
6%1% ON 1S31 JIL13N9VHW S3TId S8V HIYVISIY ISNOHINILSIM
9VT HOYV3IS3IY 3SNOHINILSIM dIYlS L2 OJY3dIH

0961 230 S3ITIJ SIVIYILVW IIL3INIVW SAVT HIYVISIY (M)
ISNOHINILS3IM SITI4 STIVIYILVW DIL3INOVH S8V HOUv3ISIY
gV1 HJYV3S3Y¥ ISNOHINILS3IM LZ 0JY¥3dIH

A | 0961 BT AVW S3T7I4 SIVINILVW JILINIOVH SEVT HIYVISIY (M)
S3TI4 SIVINILVW JILINOVW SEVT HIUVISIY ISNOHINILSIM
8V HOYVISIY ISNOHINILIS3IM dId¥lS 12 OYH3dIH

TGHY

6%WY

BYWY

T9HY

. 9lWY

€9WY

»8WY

98WY

6LNWY

SLWY

575



g 1961 YVW S€-G21€d €= Z€ T1OA SIISAHd G3I1ddv r
STIVIYILVW IIL3INOVW 40 ALITIGVIS UNIVYIAWIL HOIH

N MITAvd dI¥lS 12 02d3dIH

95 1 0961 21 €34 VIVG HI31 S3TId 1430 SOTIINOVW HIYvV3ISIY
Viva TVIINHI3L S3TId4 1430 SITLIINIVW HOYV3ISIW

(M} ¥3ILN3D 0 ANV ¥ d4VIS dI¥lS 22 02¥3dIH

9 1 0961 ¢ €34 vIVQ HI3L S3TId4 1430 SITL3INIVW HIYV3ISIY
VIVQ HJ31 S3TI4 1d30 SIIL3INOVW HOUV3ISINH
(M) ¥3IN3D @ GNV ¥ Jd4VIS ONISYO4 22 0J¥3dIH

L9sy 1 E96T €2 AVW Td-T¥H-THT-€9 ¥IdVd II4IINIIIS SAVI S3IAY (M)
. SACTIV NOYI 17v80D J113N9VW 140S
M 3 N3HD dI¥lS 22 0J2¥3dIH

L9s T 1661 S02-06Td OINI 0J GNVYISON NVA @
(%008 ) WSILI3INI9VYWOUYIL
W ¥ Hi1¥0zZ09 L2 0JY3dIH

S 66561421 9nv <aw~om|~¢mm 140d3¥ SIVIUILVN INIYIINIONIT (M)
SACTIV 34-7Vv 34-0D 34-NOJIITIS 30 SITLYIM0Yd IIL3INOVW 3HL NO dw3l 40 193443
40 21144  © MYvI1) dlYisS LZ 0243d1IH

19S5 1 C96T AVWN STT-€TT d INIYIINIONI NOISIA NI SIVIWILVW
SNTd 4 0€6 ¥0d SIVIYILVW IIL3INIVW 140S
O SOY¥VIVY 9 G QTION3E0Y H ¥ ddvil dIYiS 22 0D¥3dIH

s 1961 ST 9NV 2205 ON 1S31 JIL3INIVW S8V HIYVISIY (M)
¢L0S ON 1S31 JIL13NIVW SEVT HOYVISIY (M)
gV HJYV3IS3Y¥ ISNOHINILSIM dIYlS L2 02¥3dIH

S 1961 ST 9NV Z2.0S ON 1S31 JIL3NIVW SOV HOUVISIY (M)
¢L0S ON 1S31 JIL13INIVW SAVI HIUVISIY (M)
9Vl HJYVIS3IY ISNOHINILISIM di¥lsS 12 02¥3dIH

g 0561 42 AON LTE€99€ ON 3A¥ND 1d3Q 9YINI SIVIUILVW (M)
LT€99¢ ON 3AYNI 1430 INIYIINIONI SIVIYILVW ISNOHONTLSIM
8V HIYV3S3Y ISNOHINILSIM dI¥lS 12 02¥3dIH

TIWY

TEnWY

ZEWY

9ENY

OlWY

tIWY

SGWY

LYWy

9HWY

r4.}.

576



S 2961 62 1d3S 1815 ON 1S31 JIL3INIVW S8V HOUVISIY (M)
1816 ON 1S31 JIL3INIVW SOV HIYVISIY (M)
gV HIOYV3IS3IY ISNOHIONILSIM dIYiS 0S 0J¥3dIH

S 2961 9 1d3S 2%LS ON 1S31 JI13INOVW S8YT HIYVISIY (M)
Z%1S ON 1S31 DJIL13INIVW SOV HIYVISIY (M)
av1 HOYV3S3Y ISNOHINILSIM dIY¥lsS 06 OJ¥Y3JdIH

L9S 1 0961 92 9NV S371d4 SIVIYILVW IIL3INIVW SEVT HIYVISIY (M)
S3TI4 STIVIYILVAW DILINIVW SOV HIYVISIY ISNOHIONILSIM
gVl HOYV3IS3IY ISNOHINILS3IM dIY1S 9% 0J¥3dIH

S 06T-25 NIL3T7INY LdIA 94W S7ILW ISAOHONILSIM
SINILSVYI OGNV SAOTIV JIL3NOVW
1430 93W STLIW 3ISNOHINILSIM ONI1SVI 0% 0J¥3dIH

S 1 1961 %2 834 002-1€886~-9 1d3Y¥ 1430 94W STIW ISNOHINILSIM
SONILSVD INIWLISIANI 0G°GE°22 0OJ¥IJIH 40 S31L1Y3I40Ud ITISNIL ANV ITLINOVKW
9 0 G0N38vY 9ONILISVI 05 0J¥3dIH

9 G661 1435 686-586d STVIIW 40 TVYNUNOT
A0V 02 IN32¥3d 06-NOY¥I IN3IJ¥3d 06 40 INIWIV3IY¥L LV3IH JIIINIVA GNV INIU3QN0
4 HISS8IT d 9 QYVNOD I3 ¥ TIVH 05 OJ¥3JIH

19¢ 1 1661 602-061d INI 00 ANVYLSON NVA @
‘ (M008) WSIIINOVWOUYIS
W ¥ H1402709 05 0J¥3dIH

S 1961 120 061-2% NI1311N9 1430 94W STIW ISNOHONILSIM
. SONILSVI QGNV SACTIV JIL3INOVH
1430 94W STIVIYILVW ISNOHINILISIM 12 0JY3adIH

S 1 1961 %2 934 002-1€886~9 1d3¥ 1d30 94W STVIY3ILVH ISNOHONILS3IM
SONTISYD INIWLISIANI 06°G€422 0D¥3IdIH J0 SITLUIL0Yd ITISNIL GONV JTLINIVH
. 9 0 GI0N38VY SONILSVI LZ 0J¥3dIH

S €961°%0¢ 1d3S 22€9 ON 133HS 1S31
22€9 ON 133HS 1S31 JI13INOVW S8V HIOUV3ISIH

YIINID G + ¥ (M) 44ViS dIYylS L2 0J¥3dIH

SYWY

HHWY

LiWY

16WY

69HY

69W Y

Z01WY

06WY

88wy

BINWY

577



L9

€

2961 AON >009 Vivad 1331S ONIOVHVW
T331S. ONTOVUVIW TINIIN IN3IY¥34 8T NO Vvivad 3IATLVINAL
00 I3NIIN TVNOILVNYILNI

€961 % YVW NOILVWYOJINI TVNYIINI ISNOHINILSIM
60€62S ON S3IAUND 1S3L1 NIVW ISNOHONILSIM
44v1S 3ISNOHINILSIM NOJITIS T NOMYI

%661 159d S¥Y T0A 3ANMATIWVIIW 3 17
03 0S HLIM SADMV 03-34 40 SNOILVI3Y 3SVHd ONV S311¥3d40Y¥d
H SVYWOHL 9 d3ve 17v80J NOYl

- 69-866T1 €109172AV 8196020V S1¥0d3Y¥ VIISY
S311¥3d0dd JIL13INOVW 30 GNV IOV NO dW3i 40 123443
J ¥ 1VH 34-0J Gt OGNV 22

2961 12 1d3S ST/T0 ON 1¥0d3¥ 8V 02 IZTIWHISWNNIVA
3YNLVYIdWIL MO LV STIVIYILVW JIL3INOVW 140S
YIAIIHISO ANV SNWSSVY 11v80205-NOY I

2961 66-L6Ld %¥T A AHAVY90TIIVIIW OGNV SIVIIW 40 SIISAHd
SAOTIV 03-3d4 40 NOILINANI JIL3INIVW 40 IINIANIH3IA JYNLIVYIdWIL
Q V ADMOXS A 9 VAOXNIHILINIHSI 17v80J3 NOYI

€961 66-L6Ld %1 T0A ¥SSN AHLVYIOTIIVLIIW ANV SIVIIW 40 SIISAHd
SAGTIV 02-34 40 NOI1JNANI DJIL3NI9VW 40 3IINIAN3IL3Q dwW3lL
A 9 VAOINIHILINIHSA 17v402 NOYl

031va 10N NISIMNILLINHNISII A 4 AIHOYY
S133HS 13 INOJ IS NI VN3WON3IHd SSOT JI13INIVW TVWHONGY 40 S3SNvI
¥ G134N3S20 17vE0) NOYI

€961 ¥dV SY-€%2d %1 TOA NISAHd JLANVMIONY 3 17
33404 3AIJY3I0D MO HLIM 02-3d
H NNVWITIH H ¥37713M 17v802 NOYI

€961 61 HIYVW Z0%S ON 1S31 DILINOVW SHVI HIUVISIY (M)
¢0%S ON 1S31 DJI13INIVH S8V HOWVISIY (M)
gV HOYV3IS3IY¥ 3ISNOHINILSIM dI¥iS 06 0J¥3dIH

T331S IONIOVUVH.

L8WY

BZWT

€W

HTWT

LZHT

GZW

6TH1

1201

0ZW1

YWY

578



el €961 1435 T1-€0%d 9SA ATYILYVND SNOILIVSNVYL WSV
3JIAY3S 4 930 0001 Y04 1331S INIIVYVHW
4 ¥ ¥3I3a S N3IIW0 1331S INIOVYVHW

9 1 296142 AINC 9GT1 WNONVYOW3W D1WA
S1331S 9NIIVYVAW 40 S3I11¥3d0Yd
g O HIVOY J G N3aNN3ud ST1331S ONIOVYVW

€ €9614%Z AINC NOILVWYOSNI AYVNIWITN3Yd SIIWVNAGQ TVY3INID
SONI9Y04 13315 0%€%3VS GNV T1T1-H 02%-IN6 (00€) OWOIIN 81 40 NOTLVNIVAS

T ¥ S3INOrT F33LS INIOVUVW

9 Hell €961%22 AINC 14VYQ AYVYNIWII3¥d OJINWG

S7331S ONIOVYVW TINIIN 81 J0 SITL1UId0Ud TVIINVHIIW 3HL
3 Ff 1139dWVI d G NOOW 1331S IONIIOVYVNW

S €961 8T ATNC T8T9 ON 1S3L JIL3INIVW SIVT HOUVISIY (M)
1819 ON 1531 JI13INIVW SOV HOUVISIY (M)
av1 HOYV3ISIY 3ISNOHINILSIM INIONO04 LS INIIOVYVW

L9% 1 5961 ATNC TY¥-GHH-T8T-%9 ON L1d3¥ SV HIYVISIY ISNOHONILSIM
1331S ONIOVYVW INST J0¥d Nidd OGNV NOILVWYOJISNVYL 40 911S3ANI

¥é14313a I1331S INIOVYVNW

|4 €961 AINC d¥0D NOILVIAV NVIIY3IWV HIYON
NOIS3IO IWVYHYUIV IWNLVHIdWIL G3ILVAITI NI 1331S INIOVHVH

V [ AVNW 1331S INIOVYVH

y Z1 2961 82 230 291 OW3W DJIKWA

S173r0Y¥d 1331S INIOVYVW MIIAIY 01 INIL3I3IW NO 1¥0d3Y
v 13 W V TVH 13315 ONIOVYVHW

1 €961 834 T11/1°02€¥1-1TVM ON 1¥0d3¥ 8V TWNISUV NMOLYILVM
9331S OW-NI-INIBT J0 3ISNOdS3Y INIJV

A S QI0ONYV 1331S INIOVYUVH

1 2961 Z AON €-1d ZT1-11 ON 19nd 03 13NIIN TVNOILVNY3IINI

1331S ¥VW IN IN32¥3d8T1 HLION3YLS GI3IIA ISHM00Z TVNIWON L3I3HS Viva AYVYNIWI3¥d
02 I3NJIN TYNOILVNYIINI T1331S IN1IVYVH

TOSKH1

12ZSKH

€ZSHT

¢2GHW1

oSwWY

82GKW

GZGNW1

$OSKH

ZOSK1

18WY

579




8L96%E

L9G6%¢

9 %

()

f VvV NVWAT09 1 ¢ HSV3 4 ¥ ¥3axJlaa

ONTYIINIONI NIIS3A NI SIVIYILVW d4dVIS

ONTY3I3INIONT NIIS3Q NI SIVIUILVW d44VIS

ONIYIINIONI NOIS3IA NI SIVIYILVW J4VIS

2961 YVW 91-85 d T ON SS TOA WSV 40 SNOIL1JVSNVUL
1331S INI9VYVH TINIIN 1INIIH3Id 81
I1334S INIIVUVH

€961 HIYVW ONIYIINIONI NIOIS3IA NI STIVIUILVH
ST13314S ONIOVHVW ANV S1331S SS3ITINIVLIS DJILIN3ILISNV
T331S ONIOVYVW

2961 AON SL8%-ST8%d 1T ON THA INIWITddNS TVNINOT ONIGTIIM

T331S ONIIVHVW IINIIN IN3IJY3Id 81 40 ALITIBVATIIM
V M V1139vidd 3 J TI3Y3IHLIM Y04 1331S ONIIVHUVKW

€961 1d3S 9€~-1td SS3IYI0Ud SBVI HIYVIS3IY TTVAVN NO 1¥0d3YM

YOIAVHIE INIOF G13M 40 AGNLS TVINIWVANNA
8 3 GA0O1 d d AVINd 73315 INIOVYUVHW

2961 130 ONIYIINION3 NOIS3IA NI STIVIYILVW
1HONOYM-ST1331S HIONIYLS HOIH v¥lIN
T331S INIOVYVH

2961 AVW OTT-L0Td ONIY3IINIONI NOIS3IA NI STIVIYIIVHW
ST1331S IONIOVYVW 3HIL
73315 ONITOVYVNW

€961 Y¥YVW %0Z2-00Zd €ON STA STIVI3IW 40 TVYNYNOr

ST331S ONIOVYVW NI SIN3IW3T3 TVNAIS3Y¥ 40 S123443 JH1 YV LVHM

W 7 NVYIQ f J XNVAON 1331S ONIOVYUVH
€961 3INNF 133HS VIVA TVIINHIIL TINIIN TVNOILVNYILINI
ST7331S INIIGVYUVH

02 TIINIIN TVYNOILVNYILNI T331S ONIOVYVH

2961 92 AON d44viS 00 I3IXNIIN TVNOILVNY3INI

133HS VIVA WIY3ILINI 1331S ONIOVYVH TINIIN LINIIY3d BI1
44v1S 03 IINIIN TVYNOTLVNY3ILNI 1331S ONIOVYVHW

2961 230 NI13717In89 TVIINHI3IL 0D 713315 340¥1vI
S$331S ONIIVYVW TINIIN IN3IIU3Id 81 3HI
03 1331S 3490¥Llvi 1331S ONIOVUVH

ZTWd
€ShY
89WY
YLRY
¢sz
SOWY
L9WY
LISKT
8ISKHT

0ZSHT

580



L9 cl1

be

9¢ ¢1

[ |

8L95%€21

2961 120 GTTd ONIY3I3INIIN3 NOIS3IA NI SIVIYILVW
1HONOYM 1SVI -SADTIVY3Id4NS 3SvE 17vE0D

ONIYIINIONI N9IS3IA NI STIVIYILIVW d44ViS

0JAIN

€961 Z 130 02 ON 81-6d 8TA LN3W3I1ddNS SMIN NIIS3A

r 3 S3CQINV43LS

SI1331S 1HONOYM
9404 1331S IONIIVHVHW

€961 d¥02 1331S WNIANT AN3IHI3TTIV AQ G3HSITENd vivd

dy03J 1331LS WNIANT AN3IHOITV

(1H08Z) ST ¥VHWIV
7331S ONIOVYVH

€961 € 120 0.29= 133HS 1S3l
133HS 1S31 JIL3INIVW S8V HOYV3IS3Y

ISNOHINT1S3IM

9¥04 1331S ONIOVUVW

€961 1d3S T1-€0%d € ON 9SA WSV JO SNOILIDVSNVHYL
3J1AY3S 40001 ¥O4 T1331S IONIOVUVKW

4 ¥ ¥3INJI3Q S NINO0TS

9404 13315 ONIOVUVH

$9-€961 612d MOOSANVH ¥3IN3D G ANV ¥

(M) ¥3IN3D 0 GNV ¥ dJVIS

SII1ANYNOY3V/3IVdS
9404 1331S ONIOVYVW

€961 ATINF L-%YLd T ON %BA SS3YO0¥d TVIIW
INIDYOS-ST133LS INIOVYVW HLIIM ONINYOM

g ¥ SHYVdS

9404 1331S ONIIVUVW

€961 AINC €-18d T ON H8A SSIYO0¥d TVI3W
INIQT1IM-ST133LS INIOVYVH HLIM ONINYOM

IV 13 vV @ NVIIYH0D 3 I TTI3Y3IHLIM

2404 1331S INIIVUVNW

2961 d¥02 1331S WNIANT AN3HO3TTIV A8 A3HSIENd vivd

dd0?2 1331S WNTIANT AN3HIITV

ST331LS INIOVUVW YVHTV
9404 1331S INIOVYVH

2961 230 11-010Td ¥ ON G6S TOA WSV JO SNOILIVSNVHL
13315 INI9VYVW IN3DJ¥3d 81 ¥Y3dvd 40 NOISSNISIA

f a1i13i4d

IN 81 1331S ONIIVYUVH

65WY

1 X4 ).

Y2ZWY

SZWY

SEWY

HeEWY

1ZHY

44,k ]

92wy

WY

581



9 1 NI1377n8 TVIINHI3I1 71331S 360¥1V1
X3TJVNAG ONIN3IQYVH dIV
44viS 02 1331S 3901V 713318 T1-H Z1SK1

9 €21 1961 1d3S 9d [133HS Viva TVIINHI3L 1331S ¥IINIJYVD
_ ¢88 13WOYAd Y3IINILYVD
44v1S 02 1331S ¥YILIN3LHYVI T1331S TT1-H HIGHT

12 €9614HZ AINC NOILVWYOINI AYVNIWII3Y¥d SIIWVNAG TVY3IN3IID
SONI9Y¥04 1331S 3IVS ANV TT-H -02%-IN6 (00t) OWOIIN 81 40 NOILVNIVA3
T ¥ SIaNor 713318 TI-H %ZSHI

9 1 6561 NIL3TING TVIINHIIL d¥0I 1331S ANIHOINW
T331S HIIN3YLS HIOIH V JVWO10d
44V1S dd¥0J WNIANT AN3HO3ITTV T33LS TT1I-H 9ZSNKWT

0 1961 %#8-6Ld 1 10A ¥SSN A90TONHI3IL-0¥1II3
T331S T3 G3LN3IIYO-NON Q3770¥ 4102
I 4d YAOZ¥09 V¥V vV AOJ3d43N 1331S NOJIIS STWT

1 031vad LON NOILVWYOINI Q3IHSITENdNN
ONILSVI 34-1IS IN3J¥3d 968°0 W04 vivd 1S31 JIL3INOVW
Y3ILINID Q@ + ¥ (M) NOY¥I T NODJITIS 8HWY

L9G6%ell 2961 0T 9NV 1Y0d3IY¥Y Vviva ISAOHIONILSIM
140d43¥ V1iva ISNOHONTLS3IM
ISNOHINILSIM d4VIS ONIJY¥04 0T OJAIN 8ZWY

S 1961 02 83d 06L% ON 1S31 JI13INIOVW SEVI HIOYv3ISIH
(ISNOHIONILS3IM) 06L% ON 1S31 IJIL13INOVW SAVI HIOYVISIY
gVT HOYVIS3IY (M) INIOYO4 ODIAIN fAd R

g 1961 LT 934 06L% ON 1S31 JIL13INOVW SHVT HOWV3IS3IY
(ISNOHINILS3IM) 06L% ON 1S3L JIL3INOVW SAVT HIOYVIS3IY
gV HJYv3S3Y (M) ON19¥03 0DAIN THWY

S 6661 LT 230 080% ON 1S31 JIL3INOVW SAVT HIOWVISIY (M)
080% ON 1S31 JIL13INIOVW SHVT HIUYVISIY ISNOHINILSIM
gV HOUV3S3IY ISNOHINILISIM INIOYO04 OIJAIN YGHY

582



ekt .t ki © o i e s

e

S 1961 NVF S21d A90TONHI31-0¥1D3N3
SIVIHNILVH JDIL13INIVW 40 NOILVNIVAI TVINIWNOYIANI

1 a NOQ¥09 dI¥1S YNANIWYILNS

S LG6T 934 18-G29d WSIL3INOVW NO 3IIN3HIJINOD LV ¥3dvd
ALISNIA XN14 HOIH HLIM IVIY3ILVW JT13NOVW 4007 ¥VINONVLOIY MIN-YNANIWUIINS
H O ANNIBM 8 1 H QIn09 dI¥1S ¥WNAN3IWYILNS

9 ve21 A 62d NI1377In8 TVIINHI3IL d¥02 133LS SAOIDAD IVSHIAINN
1 ON HJOVWINN

44V1S Sd01JAJ 1VSHIAINN 9331S 11-H

e 1 : 8661 1d3S S133IHS VIVG TVIINHIIL 133LS HIYI4
ZAMH 9INITY¥ILS HIYIA

. 44V1S ONITY¥3LS HLIVYIJ 13315 11-H

1 . 6661 82 9NV 911 JINWG
SITISSIW GNV 14VYOINIV ¥O4 SI133ILS ADTIV YIS

d M HD3GHIV ¥ 4 TVYYOW 1331S TI-H

€2l 0961 0€ 1d3S ¥9TT JIWG
(13315 14VYIYIV A-OW-¥D G ONV TT-H) S1331S A0V A-OW-¥D §

d M HIVEHIV ¢ ¥ ¥Ouvd 9331S 11-H

1 , %€d S28%92QV VILISYV
STIVIYILVW JI71VL3IW SNOIYVA 40 ITNAOW JI11SVI3 JIWVNAQ 3¥NIVYIdWIL GILVAIII
G % NIWWIHS H M 11IH 33315 11-H

1 €961 934 22€662QV VIISY
71331S 11-H 40 YOIAVH3E® TVYNOILISNVYL ¥V3IHS ANV S3I11¥340¥d HILON

4 GQIWHIS 1 r A3NITS 1331S T1-H

€ 2 ) 2961 9NV SOTd 08%-29 ¥ALl ASV
$7331S HI9NIYLS HIIH 40 d3IJUD DIWVYNAQ OGNV 3IN9I LV

4 ¥ MN3Iy¥3a0ue T1-H

b4 2961 170 NOILVIINNWWOD 3LVAIYd
X314VNAQ 40 S311¥3d0Yd d3II¥)D

44V1S d¥09 1331S 3IB0ULIV T1-H

6WY

ZWY

91IGHT

GTGHT

LOGKH

BOGWT

0T1GHT

605K

TTGHT

€1GHI

583



19%

L19s

Y

1961 L HIUVW 9%€Z ON 1¥0d3¥ WYV IV ISNOHONILSIM
YNANVAQD 03 133LS Y3 IN3IdYVI 40 NOILVNIVA3I
W JINIIUNVT W  430¥vZV dI¥lS YNANIWY3ILNS

0961 AVW L£2d S ON TEA INIWITddNS SIISAHd GIIVddV 40 IVNYNOPr
J 006 1V ¥NANIWYIANS 40 SITLSIYILIVYVHI
3 9 NNAT W 3LINITNUAVI dI¥1S YNANIWYIANS

8561461 3INNT 1d30 9YINI SIVIUILVW ISNOHONILSIM 40 ¥3I1L131
1430 9YINI SIVIYILVW 3ISNOHINILSIM 40 ¥3I1i31
¥ S a 7INHS dIdiS YNANIWYI4NS

LS6T 81 AON 03 9NIY3I3INION3I QIONYV 40 €TT1-21 NIL371n€
03 IONIY3I3INIONI QIONYV 40 €T11-21 NIL1311Nng
03 ONIY3IINIONI GIONYUY dI¥1lS YNANIWUILNS

€961 AVW STI-€TIT d ONIY3IINIONI NOIS3IA NI SIWVIYILVW
SN1d 4 0€6 Y04 SIVIYILVW IIL3INIVW 140S
9 SOYVIVd 9 0 GION3CY0Y H ¥ ddvil dI¥1lS YNANIWYILNS

0961 T 1d3S S3714 1430 SITAI3INIVW-SEVT HOUvIS3Y
S3TI4 1430 SOILINIVW-SBVT HOUVISIY
SEVI HJIYV3IS3IY (M) dIdiS YNANIWY3ILNS

€961 €2 AVH Td-T%%~141-€9 ¥3IdVd HIUVISIY (M)
SAOTIV NO¥I 17vE80D J1L13IN9VW 140S
M 3 N3HD dIY1lS YNANIWYIANS

6S6T 130 INIYNLIVANNVW TVIIY1I3I3
STIVIYILVW 3¥0D DJILINIVW NO dW3L 4O S1973443
H ¥ N31SANT W M3INSVd dIYlS YNANIWYIANS

0961 1 1d3S <h<c IVIINHIAL S3IT1d 1430 SITLINIVW HOWVISIY
Viva IVIINHI3L S3IId4 1d30 SIOILINIVW HOYVISIN
(M) ¥3IN3D @ ANV ¥ J43VIiS dIY1iS ¥NAN3IWHILNS

6661 130 LTIT1T1-6S ¥Y3IdVd SNOILIVSNVYL 331V
m4<~¢mh<z 3¥07 40 dOY¥d JIL3INIVW NO dW3l HOIH viLIN 40 S173443
¥ N3LSANT W NVISVd dIY1S YNANIWYILNS

€LWY

TiWY

cEnY

9SWY

T10TWY

6EWY

LEWY

9WY

OtwWY

6ZNWY

584



1 8%61 Td 6t T0A IANMITIVIIW d 17
SIVL3IW 3dnd 40 SNINQOW-3 40 IINVANILIA dW3i
M ¥31SO0OM AdO3H 1L

S L%61 G1Z d 8t 10A 3ANAXTIVLIW 4 17
$31143d0Y¥d JI13NIVW 40 3IINIANI 30 J¥NLVYIdW3IL
M HOVIY39 Ad¥O3HL

S 2661 86-166d G9 1OA NvdVr J20S SAHd J0dd
WSIL1INIVWOUYI4 40 INIWLVIYL SUY3INIZ
v 37VA10IAOL AYO3H1L

5 €661 99-191 d % 1OA SIISAHd 1ddv I 1I¥9
SILIW NI9VH 23dS 40 ALIAILISNIS dW3l 3¥

vV 1 37003H A¥O3H1

S 1961 170 9¢%42 4 061-2S NILITING 1430 94W STIW ISNOHINILSIM
, SINILSVI ANV SAOTIV JIL3INIVW

1430 94W STLW 3SNOHONILS3M diYlS YNAN3IWY3ILNS

Sy €961 8 1J0 G2€-€£€968-9 d3Y¥ 1430 JNNVW STIW JSNOHINILSIM
YNANIWYIANS GILTIWN WNANIVA 40 INISS3II0Ud 3HIL
H Y ddvilt YNANIWYILNS

S 1 6661 L2 AINF JI-1€0-6€886-8 ON L¥0d3¥ 1430 9d4W STIVIUILVH (M)
YNONIWY3IANS 40 IN3IWJOT3IA30 3TVIS 1071d
H ¥ ddvidl 9 SO¥vIvd YNANIWYIANS

S 0961 VIVG HI31 1430 Y¥3WYOISNVYL ALTIVIIILS (M)

S3UY0D YNGNIWY3ANS,

V1vVQ HI31 1430 YIWYOSSNVYL ALTIVIIIAS ISNOHONILSIM dIY1lS YNANIWYIINS

1961 6 3NNF Z6L1--171 ON L1¥0d3¥ S8V FINVWHOIY¥Id (M)
YNANIWYIANS J0 NOISNVIX3 TVHYIHIL
8 ¢ 1089vsS YNAN3IWYILNS

S 1961 YVW S9G€d €ON ZEA OL IN3IWIN4INS SIISAHd 0311ddv TvNunor
SADIIV L1VE03 NOYI AlIUnd HIIH 40 SITL1Y¥3IJ0Ud IILINIVW G3AOYdWI
¥r S @ 17INHS dld1lS YNANIWYILNS

W

W1

8W1

6KW1

Z6WY

SOSHT

egnY

Z8HY

S8HY

I9KWY

585






